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ABSTRACT
Modeling the Diffusion of Reactive and Nonreactive Solutes in Cores 
from the Cannikin Test Site, Amchitka Island, Alaska
by
Nicole Ann Brown
Dr. Charalambos Papelis, Examination Committee Chair 
Assistant Research Professor 
Desert Research Institute 
Las Vegas, Nevada
The migration and distribution o f contaminants in the subsurface environment are 
controlled by groundwater movement and the extent of interaction between the 
contaminants and surrounding rock matrix. Studies have shown that diffusion through 
the rock matrix may serve as a prominent contaminant retardation mechanism in 
crystalline igneous rocks.
The diffusion of reactive and nonreactive solutes through basalt and breccia cores 
from the Cannikin Test Site, Amchitka Island, Alaska has been studied. Lead (Pb(II)) 
and cesium  (Cs(I)) were chosen as reactive solutes and bromide (BT) was chosen as the 
nonreactive solute. Because retardation due to sorption is expected to affect the apparent 
diffusion o f the reactive solutes, batch equilibrium experiments were perform ed using 
Pb(II) and Cs(I) in order to determine equilibrium distribution coefficients. Two different
111
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experimental setups were used to estimate diffusion coefficients. The results show that 
diffusion o f the ions through the basalt was slower than through the breccia.
IV
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FOREWARD
T hesis Organization 
This thesis is divided into six chapters. Chapter I gives a brief introduction to the 
study and states the governing research objectives and hypotheses. Chapter 2 provides 
background information on both, Amichitka Island and the Cannikin Test Site, which 
includes a general geologic descripticon o f the areas. In addition to a  discussion on the 
geologic properties of the study area. Chapter 2 provides some background information 
on the elements of interest, in particular Lead (Pb), cesium  (Cs), and bromine (Br). 
Chapter 3 presents the physiochemicatl characterization o f the sorbents (basalts and 
breccias) as well as the experimental imethods and procedures used to perform the 
necessary data collection and analysis . The results o f  this thesis are presented in 
Chapters 4 and 5. Chapter 4 discusses the batch equilibrium sorption experiments and 
the sorption parameter estimations fo r  the Pb(II) and Cs(I) solutes. Additionally, this 
chapter provides an account o f the cheemical spéciation for both reactive solutes as 
determined by the modeling software, MfNEQL"^ (Schecher and McAvoy, 1994).
Chapter 5 discusses the diffusion expe=riments performed using the Cannikin Site core 
samples and both, the reactive Pb(II) atnd Cs(I) solutes, and the nonreactive Br solute. 
The conclusions and recommendations for further research are subsequently presented in 
Chapter 6.
Xlll
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CHAPTER 1 
INTRODUCTION
During the Cold War, the United States government conducted a series o f nuclear 
weapons tests at various sites throughout the country and U.S. territories. The nuclear 
testing performed at these sites resulted in subsurface contamination around the shot 
cavities where the detonations occurred. Contaminants found to be present in these areas 
include radionuclides, organic compounds, toxic metals (such as lead (Pb) and the cesium 
radionuclide, '^^Cs), hydrocarbons, drilling mud and residues from plastics, epoxies, and 
drilling instrumentation (U.S. Department of Energy, 1996). Because of their toxicity or 
radioactivity, many o f these contaminants are considered to be major health hazards and 
consequently pose a threat to organisms that ingest them (in particular, humans and 
wildlife). Thus, it is vitally important to assess the potential of these contaminants to 
reach the accessible environment where humans can ingest them -either by way of 
contaminated water supplies or by subsequent transport via contaminated food chains.
Two basic factors primarily affect the transport and fate o f contaminants in the 
groundwater: (1) properties of the subsurface materials or the subsurface environment, 
and (2) physiochemical and biological properties of the contaminant (Knox et al., 1993). 
The degree to which contaminants interact with the soil matrix will have a significant 
effect on the abilities of such contaminants to migrate downgradient. Conservative 
(nonreactive) contaminants, which will not be affected by abiotic or biotic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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processes, will essentially move with the velocity o f the groundwater. Conversely, 
nonconservative (reactive) contaminants have the potential to be significantly retarded 
compared to groundwater flow if the proper conditions exist in the surrounding 
subsurface environment (e.g. an ion having a  high affinity for the solid mineral surface 
with which it comes into contact may sorb onto that solid). Any attempt to estimate the 
migration potential o f contaminants would require that experimental studies be performed 
to evaluate the reactivity of these substances for the surrounding subsurface matrix 
through which the groundwater flows (Papelis, 1997).
Previous studies have shown that diffusion o f solutes into the rock matrix and 
their sorption onto mineral surfaces are the paramount mechanisms retarding contaminant 
transport in the subsurface. Several investigations have been conducted to characterize 
the sorptive and diffusive behavior of Pb and Cs in various systems. Coughlin and Stone 
(1995) studied the nonreversible adsorption behavior of divalent metal cations, including 
Pb(II), onto goethite. Likewise, Hayes and Leckie (1987) modeled the effects of ionic 
strength on cation (Pb(H)) sorption at hydrous oxide/solution interfaces. Skagius et ai.
( 1982) studied the sorption o f cesium on crushed granites from Sweden and found the 
data fit to a nonlinear sorption isotherm with values of the Freundlich constant (Kf) for 
inner surface sorption ranging between 0.39x10'" and 3.0x10'" (mg/kg)/(mg/L)^ and 
corresponding Freundlich exponents ((3) between 0.66 and 0.54, respectively. Similar 
studies by Torstenfelt et al. (1982) for ‘̂ "̂ Cs sorption on granite, found Kj values ranging 
from 1x10'^ mVg to 6.27x10'^ m^/g, depending on rock/mineral type.
The diffusivity o f both, sorbing and nonsorbing species has been studied by 
several investigators as well. Experiments conducted by Sato et al. (1997) on diffusion of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Cs in grandodiorite, basalt, and mudstone resulted in effective diffusion coefficients of 
1.4x10''" m"/s, 1.5x10"'^ m"/s, and 4.8x10''^ m"/s, respectively. Likewise, Skagius and 
Neretnieks (1988) studied the diffusion of Cs in biotite gneiss and found a diffusion 
coefficient to be of the order of 10'*  ̂m"/s. Additional experiments conducted by Skagius 
and Neretnieks (1982) on Cs diffusion through granite plates found an effective diffusion 
coefficient of the order of 10''" m"/s.
The primary focus o f this study was to determine diffusion coefficients for the 
transport of reactive and nonreactive solutes (representative of inorganic contaminants 
found at underground nuclear detonation sites) through volcanic basalt and breccia from 
the Cannikin Test Site, Amchitka Island, Alaska. Because retardation, due to sorption, 
affects the observed apparent diffusion of reactive solutes through the rock matrix, batch 
equilibrium experiments were performed using the reactive lead (Pb) and cesium (Cs) 
solutes. These cations were chosen because of their different reactive characteristics and 
because they may occur in the subsurface environment as by-products o f the underground 
nuclear test performed at the site in November 1971. Additionally, by using bromide 
(B r), a nonreactive tracer, we could compare how diffusion is affected by sorption since 
Br' is not expected to sorb appreciably. It is important that such a study be conducted in 
order to assess the migration potential o f these contaminants to reach surface waters, in 
particular the Bering Sea which lies approximately 1 mile away, where they may pose a 
health hazard to humans and marine life.
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Research Objectives and Hypotheses 
This project had several objectives concerning the transport o f radionuclides and 
other ionic contaminants away from the Cannikin Test Site. Because diffusion of 
contaminants into and within the solid can retard transport through the subsurface system, 
this process was studied using reactive and nonreactive solutes and basalts and breccias 
from the site. In the case of reactive solutes, however, it has been shown that sorption 
processes—in which contaminants are taken up by the solid material with which they 
come in contact—may significantly affect solute apparent diffusion. Sorption processes 
can include adsorption, absorption, or surface precipitation. Adsorption is the 
accumulation o f solutes at the interface between an aqueous solution phase and a solid 
sorbent without the development o f a three-dimensional molecular arrangement. 
Absorption is the incorporation of an aqueous chemical species into a solid phase by 
diffusion or some other means, such as dissolution o f the solid followed by 
reprecipitation o f the solid with the formerly aqueous species included as part o f a solid 
inclusion. Surface precipitation is the formation o f a solid phase o f a different 
composition and structure than the solid substrate that exhibits a three-dimensional 
structure (Brown, 1990).
The first objective of this thesis was to evaluate the mobility o f cationic 
contaminants, represented by Pb(II) and Cs(I), through natural barriers composed of 
basalt and breccia. With interest in the subject o f contaminant transport increasing over 
the last decade or so, came a number o f numerical geochemical models designed to help 
predict the movement of contaminants in the subsurface. Such models, however, often 
require the input o f certain parameters that are measurable in the laboratory. Thus, the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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second and third objectives o f this study were to determine diffusion parameters for 
Pb(H), Cs(I), and B r , and equilibrium isotherm parameters for Pb (11) andCs(l), 
respectively. By quantifying such parameters and using them as input for transport 
models, an attempt can later be made by modelers to predict travel times of contaminants 
away from the Cannikin site. The last objective o f this study was to obtain a detailed 
physiochemical characterization o f both sorbents. This is important because in order to 
draw logical conclusions about the impacts of diffusion and sorption on the movement of 
contaminants through the subsurface materials, a complete understanding of the 
composition of the solid surface is required.
In order to meet the aforementioned objectives, the following three hypotheses 
were constructed and tested. First, it was believed that, at the Cannikin Test Site, the 
transport o f  radionuclides and other cationic inorganic contaminants in the saturated zone 
would be significantly retarded compared to groundwater flow due to the interactions of 
these ions with the surrounding subsurface matrix. Second, it was hypothesized that the 
extent of this retardation would be affected by diffusion of the solutes into the porous 
matrix and, for the reactive solutes, by sorption of the ions at the solid-water interface. 
Finally, it was hypothesized that the rate of migration would vary for reactive and 
nonreactive solutes as well as for different reactive solutes. Specifically, it was 
hypothesized that, due to the high ionic strength of the site groundwater, the migration of 
Cs(I) would be retarded due to diffusion of the solute into and within the solid matrix 
while, in addition to diffusional processes, the migration of Pb(II) would be further 
retarded due to sorption on mineral surfaces or surface precipitation. It is important to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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note here, however, the above hypotheses were made assuming flow through porous 
media and that fracture flow was negligible.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
BACKGROUND
Throughout the duration o f the Cold War, more than 1,000 nuclear weapons tests 
were conducted at sites located across the United States (LeBaron, 1998). One such site 
was Amchitka Island, one o f the Rat Island Group of the Aleutian Islands, Alaska, which 
comprise the emergent part of a long submarine ridge connecting North America and 
Asia and separating the Bering Sea from the North Pacific Ocean (Figure 1).
At the Amchitka Island site, three nuclear detonations were conducted in October 
1965, October 1969, and November 1971 under the names of Project Long Shot, Project 
Milrow, and Project Cannikin, respectively. Project Long Shot was a nuclear detonation 
research experiment, detonated at a depth of 700 meters (2,300 feet) below the surface. 
Milrow was a high-yield seismic calibration test detonated at a depth of 1,220 meters 
(4,000 feet). This test was carried out to evaluate the feasibility of conducting a higher 
yield test at Amchitka and to improve capabilities for predicting the effects o f the 
proposed larger test (Fuller and Kirkwood, 1977). Project Cannikin, was the largest 
underground nuclear explosion in U.S. history (5 Megatons) and cost over $200 million 
(Miller, 1996). Detonated at a depth of about 1,790 meters (5,875 feet), the purpose of 
this project was to test the Spartan anti-ballistic missile warhead. As a result o f these 
detonations, hazardous pollutants (previously mentioned) were released into the 
subsurface and contaminated the groundwater which is documented as existing a few feet
7
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below  the ground surface. Because Project Cannikin is located approximately 1 mile 
from the Bering Sea, there is great concern over the potential o f  these contaminants to 
migrate from the site and subsequently contaminate the seawater where they m ay pose a 
serious health threat to humans and marine life.
Study Area
Amchitka Island
Amchitka Island lies at latitude 51.5°N and longitude 179°E and is 65 km (40 
miles) long and 2 to 7 km (1 to 4 miles) wide (Figure 2). Having an area o f  about 30,000 
ha (74,000 acres), it is located 2,160 km (1,340 statute miles) west-southwest o f  
Anchorage, Alaska, and 4,000 km (2,500 miles) west-northwest o f Seattle, Washington.
NORTH WEST CAMP
DRILL SITE '
DRILL SITE "F "-
5 M ILES
LirttLOF PO IN T
>OOCtC
M C H I T K A  I S L A N D
ST. M AKAAfUS PO IN T
Figure 2. Enlarged map o f  Amchitka Island. Source: Merritt, 1977.
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As with other Aleutian Islands, Amchitka has a rugged coastline with sea cliffs and 
grassy slopes up to 30 m (100 ft) high nearly completely surrounding the island.
Altitudes range from sea level to 350 m (1,160 ft) with the average estimated as being 
85 m (280 ft). The topography of the island consists of mountains, a high plateau, lower 
plateaus, and an intertidal bench (Dudley et al., 1977; Gard, 1977; and Everett, 1977).
The eastern third o f the island hosts many shallow ponds having little or no 
drainage connections and streams half-hidden by what appears to be an omnipresent 
cover of vegetation. In the higher central portion o f the island, this gives way to areas of 
more integrated drainage and greater wind erosion, with fewer lakes and with patches of 
bare bedrock rubble on ridges over 60 m (200 ft) high caused by diurnal freeze-thaw and 
high winds. West of Chitka Point (see Figure 2 for location) mountains reaching a 
maximum elevation of 354 m (1,160 ft) become the predominant landscape. Here 
vegetation is quite sparse except in protected areas such as stream valleys. Finally, the 
westernmost 5 km (3 miles) or so is a windswept rocky and barren plateau about 240 m 
(800 ft) high (Merritt, 1977).
Amchitka Island has a pronounced maritime climate in which day-to-day weather 
is marked by changeability due to the great frequency with which migratory pressure 
systems pass along the North Pacific storm track (Armstrong, 1977). Clear skies are 
extremely rare at Amchitka and clouds and fog tend to predominate throughout the year. 
The mean daily temperature range is 3.9°C (7°F) or less in all months, and the annual 
range of the mean daily temperature is only 9.4°C (17°F). Average annual precipitation 
is 828 mm (32.6 in.) with the highest amounts occurring July through January.
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M ultidisciplinary studies conducted by the U.S. Geological Survey (USGS) on 
and near Amchitka Island from 1964 to 1972 have contributed to a better understanding 
o f the geologic, hydrologie, and tectonic environment o f the island. These investigations 
are the only comprehensive studies made in the Aleutians. One of the most southern 
islands in the Aleutian Island Arc, Amchitka Island has a geologic history that is 
probably representative o f most o f the Aleutian Islands. A summary of this history, 
according to Gard (1971) is presented below.
Three distinct volcanic episodes have been recognized and dated by fossil 
evidence and by radiometric dating. The oldest o f these is early Tertiary (probably 
Eocene epoch) and is represented by altered basic to intermediate submarine lavas and 
volcanic debris. Next, coarse turbidites and other sediments o f basaltic debris shed from 
nearby volcanoes were deposited on the sea floor during late Eocene or early Oligocene 
time. After a  period o f uplift, tilting, faulting, erosion, and invasion by small dioritic 
plutons in mid-Tertiary time, a subaerial volcanic complex of andesitic composition was 
constructed during the Miocene. At that time, the island probably stood higher above sea 
level than at present. During Pliocene time, minor shallow basaltic and hornblende 
andesitic intrusions occurred. In early Pleistocene time the island was still above sea 
level, the climate was somewhat warmer than now, and trees were present. During 
glacial periods terraces were carved as much as 91 m below sea level, and deposits o f two 
episodes o f glaciation are preserved. During interglacial times, flights o f marine terraces 
were cut above present sea level; marine deposits on the island are correlated with two of 
them. Tensional faulting continued into latest Pleistocene time; however, the island 
appears to have been tectonically stable during the past 2,000 to 4,000 years.
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Four major stratigraphie units have been recognized on Amchitka Island including 
(1) older breccias and homfels, (2) the pillow lavas and breccias o f Kirilof Point, (3) the 
Banjo Point Formation, and (4) the Chitka Point Formation. The older breccias and 
Kirilof Point units are sometimes reported as informal units of the Amchitka Formation 
(Lee and Gard, 1971). A brief description of these is provided below.
The older breccias and homfels are exposed only in the area of east of 
Constantine Harbor (Figure 2). Lithologically, the unit consists o f fine- to coarse-grained 
sedimentary breccias with about 10 to 20 percent interbedded sandstone, siltstone, and 
claystone containing volcanic debris. The alteration minerals are mainly quartz, calcite, 
and epidote, which tend to increase the density and hardness of the rock (Carr and 
Quinlivan, 1971).
The pillow lavas and breccias of Kirilof Point are exposed only on the eastern part 
o f  the island. These rocks consist of partly glassy, generally monolithologic breccia, at 
least two pillow lava flows, and minor bedded volcanic sedimentary rocks. Where not 
glassy, the breccias of Kirilof Point are typically yellowish or greenish due to their 
alteration to palagonite, chlorite, nontronite, or green chalcedony (Carr and Quinlivan, 
1971).
The Banjo Point Formation includes basaltic rocks o f submarine deposition, in 
particular, bedded marine sandstone, conglomerate, tuffaceous shale and some lapilli tuff. 
These rocks occupy the entire width of the island, extending westward from Makarius 
Bay to about 5 miles west of Banjo Point, and also several miles o f St. Makarius Point. 
Dating o f a variety o f species o f Foraminifera suggest that the geologic age o f the Banjo 
Point formation is placed in the range Oligocene to Micene (Powers et al., I960).
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The Chitka Point Formation covers almost the entire northwestern one-half of 
Amchitka Island, and consists almost entirely o f subaerially deposited homeblende 
andésite volcanic rocks. The lower part of the formation consists o f tuff-breccia, flow- 
breccia, conglomerate, a few lava flows, and minor sedimentary layers (Carr and 
Quinlivan, 1971). In detail, the predominantly pyroclastic lower part o f the Chitka Point 
Formation is varicolored, heterogeneous breccia consisting of subangular to angular 
fragments in a yellowish or red tuffaceous matrix. On the Bering Sea side of Amchitka, 
southeast o f Chitka Point, there are local lenses o f conglomerate with well rounded 
andésite cobbles and small patches of local lava flows that are characterized by the 
presence of large, green pyroxene crystals instead of the usual homeblende. In the high 
west-central part o f the island, there is a sequence of dense homeblende andésite lava 
flows with only thin local tuff or breccia between the flows. Much of the Chitka Point 
Formation is intensely to weakly altered by hydrothermal activity in which the rocks are 
locally altered to clay, iron oxide, silica, pyrite, and chloritic minerals.
The Cannikin Test Site
The Cannikin event site lies at the coordinates of latitude 5 l°28'18.68"N and 
longitude 179°06'24.27"E (Lee and Gard, 1971) and can be seen in Figure 3. A USGS 
study conducted in 1967 reported the following summary o f the site’s stratigraphy (Lee 
and Gard, 1971). The underlying geologic material o f the Cannikin site consists of the 
Amchitka Formation and the Banjo Point Formation. The Amchitka Formation of early 
Tertiary age consists of the oldest rocks on Amchitka Island. The formation provides a 
local record of deposition and alteration of more than 2,300 meters o f submarine pillow
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lavas, breccias, and turbidites o f basic* to intermediate^ composition. Toward the end o f 
deposition o f the Amchitka Formation, a thick pile o f monolithologic glassy breccias and 
at least two pillow lavas were extruded on the bottom o f the sea floor.
Following this episode o f local volcanic activity, after only a short interval o f 
time, the Banjo Point Formation was laid down during late Eocene or early Oligocene 
time. Although locally there are submarine lavas at the base o f  the formation, the Banjo 
Point Formation consists o f  almost entirely o f  fossiliferous marine volcaniclastic rocks. 
These rocks are mainly turbidites that range from coarse breccias to mudstones composed
‘ Said of igneous rock having relatively low silica content, sometimes delimited arbitrarily as 44 to 51%.
 ̂Said of an igneous rock that is transitional between basic and silicic generally having a silica content of 54 
to 65% (Jackson, 1997).
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of basaltic rock fragments (Gard, 1977). It should be noted that no major faults are 
known to be within 3,000 feet o f the Cannikin site, although minor faults may be nearby 
(Garret al., 1971).
The following section provides a brief discussion on the characteristics o f basalts. 
Because breccia is a general term used to describe a coarse-grained clastic rock, 
composed of angular broken rock fragments held together by a mineral cement or a fine­
grained matrix, no in-depth discussion on this particular subject will be given. For 
additonal information, the reader is referred to Laznicka (1988).
Basalts
Basalts can be generally defined as dark-colored, mafic igneous rocks, commonly 
extrusive but locally intrusive, composed chiefly of calcic piagioclase and clinopyroxene 
(Jackson, 1997). In the more general sense, the composition of basaltic rocks can be 
expressed in terms o f only two rock-forming minerals: a piagioclase feldspar o f 
labradorite composition and an augitic pyroxene. However, further minerals are 
invariably present in differing proportions and can be classed as essential to the majority 
of basaltic variants. Such minerals include the olvines and opaque-oxide minerals as well 
as the calcic plagioclases, orthopyroxenes, pigeonites, and subcalcic augites (Brown,
1967).
Formation
Because o f the low viscosity and low gas content of their magma (a result of low 
silica content), basaltic volcanic eruptions generally produce freely flowing lavas that can 
spread to great distances from their vents. In general, basaltic lava flows can be
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separated into several types. Three types—pahoehoe, aa, and block lava—are 
characteristic o f eruption on dry land, although they may persist into, or even be formed 
in, shallow water. In contrast, pillow lavas and hyaloclastite flows form subaqueously, or 
in environments where abundant water is available from the underlying ground 
(MacDonald, 1967). Because the basalts underlying the Cannikin site were formed as 
pillow lavas, only this particular type will be discussed here. For more information on 
the other basaltic lava flows, the reader is referred to Hess and Poldervaart ( 1967).
In general, pillow lavas are defined as those lavas displaying pillow structure 
(characterized by discontinuous, pillow-shaped masses o f  basalt) and considered to have 
formed in subaqueous environments; such lava is usually basaltic or andesitic (Jackson, 
1997). According to MacDonald (1967) there is an absence o f observations of the actual 
formation o f pillow lavas, however there is little or no question that they are the result of 
contact with water or water saturated materials. Pillow structure forms when the surface 
of the basaltic lava is chilled quickly. The brittle, chilled surface cracks, making an 
opening for the still molten magma inside to ooze out. In turn, the newly oozed strip 
chills, its surface cracks, and the process continues. The end result is a pile o f lava 
pillows that resemble a jum bled pile of sandbags (Skinner and Porter, 1992). When 
pillow basalts are found in mountain ranges, they are usually indications of submarine 
eruption in the geologic past followed, much later by uplift (Plummer and McGeary,
1991).
True pillow lavas, in the stricter sense, consist of a mass of more or less 
ellipsoidal bodies variously described as pillow-shaped, bolster-shaped, bun-shaped, 
mattress-shape, sack-like, ball-like, or balloon-like in form (MacDonald, 1967). In cross
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section, the “pillows” are more or less elliptical, and give a general impression of radial 
structure. Basaltic pillows generally range from about 10 cm to 6 or 7 m in diameter, 
however, at most localities basaltic pillows are less than 2 m, and most commonly less 
than Im, in diameter.
The Elements of Interest
Lead
Lead is perhaps the most common of the toxic heavy metals and is normally 
found in sulfides forming the common mineral galena, PbS. The element occurs 
naturally in the earth’s crust with an average concentration o f 14 parts per million (ppm). 
In soils, concentrations can range from 2-200 parts per billion (ppb) for normal, 
unpolluted soils to as high as 1-30 ppm in polluted soils (Cox, 1995).
Lead is introduced naturally into the environment from the erosion of lead- 
containing rocks and through gaseous emissions during volcanic activity. In addition to 
natural emissions, anthropogenic sources of lead include lead smelting and refining, 
automobile emissions, lead—acid storage batteries, the production of alkyllead compounds 
for use as anti-knock agents in gasoline, roofing materials, pigments (white lead, 
Pb3(C0 3 )i(OH)2), pipes for domestic water systems, manufacturing o f cable sheathings, 
sheet, pipe, foil and tubes, solders and alloys, ammunition, the production of various 
inorganic compounds, and protective shields for nuclear chemists, x-ray operators, and 
radiologists (Waldron, 1980; Cox, 1995).
Lead primarily affects the blood, the nervous system, and the kidney and 
symptoms of lead poisoning include anemia, anorexia, and abdominal pains, as well as
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neurological effects such as irritability, mood disturbance, and loss of coordination. The 
residence time of lead in the body is very long, one reason being that a significant amount 
is taken up in the bones where the Pb""  ̂replaces some Ca“  ̂in calcium phosphates (Cox, 
1995).
As a result of its use in gasoline, paints, and water supply systems, lead is now 
ubiquitous in the environment. It is present in all forms of precipitation, in dust and 
sediments, and in industrial and municipal discharges. Fortunately, lead is characterized 
by low mobility in most soil-water systems owing to its low water solubility and its 
strong tendency to sorb and exchange on soil solids (Watts, 1998).
Cesium
A rare Group LA element, Cs has little use, no known biological role, and is non­
toxic. Chemically, cesium resembles rubidium and potassium, and is characterized as 
being a silvery-white, very soft metal which reacts rapidly with oxygen and explosively 
with water. Cesium occurs as the hydrated aluminosilicate pollucite, Cs4AI4SigOia"HiO, 
but the world's only commercial source is at Bemic Lake, Manitoba, and Cs is mainly 
obtained as a byproduct of the lithium industry (Greenwood and Eamshaw, 1984;
Emsley, 1989). It is present in the earth’s crust at a concentration of 7 ppm. Detectable 
amounts are found in plant and animal organisms, mineral waters, rmd soils (Parker,
1992).
Cesium metal is used in photoelectric cells, spectrographic instruments, 
scintillation counters, radio tubes, military infrared signaling lamps, and various optical 
and detecting devices. Cesium compounds are used in glass and ceramic production, as 
absorbents in carbon dioxide purification plants, as components o f getters in radio tubes.
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and in microchemistxy. Cesium salts have been used medicinally as antishock agents 
after administration o f arsenic drugs (Parker, 1992).
Although Cs is not known to be toxic, radioactive isotopes o f cesium formed as 
fission products from uranium are indeed o f environmental concern. Cesium -137 is a 
significant health hazard because its 30-year half-life allows it to persist in the 
environment as a highly radioactive element. Besides its persistence and high activity,
' ■̂ Ĉs has the further insidious property of being mistaken for potassium by living 
organisms and taken up as part o f the fluid electrolytes, thereby becoming 
bioaccumulated through the food chain (Hammond, 1995). One positive function o f the 
radioactive isotope, however, is its use in the treatment o f  cancer.
Bromine
Bromine is a rather rare element in the earth’s crust and occurs exclusively as the 
bromide ion, Br'. Being chemically similar to chlorine, it exhibits many of the same 
characteristics, such as being very soluble and relatively abundant in the ocean. Most 
bromine used for industrial purposes is extracted from the sea water or other natural 
brines. In most cases, the element is not used in its elemental or ionic form, but is 
converted to organic bromine compounds such as ethylene dibromide, CH^BrCHzBr, 
which is used as a fuel additive. Other organic bromides are used as pesticides or as fire 
retardants for synthetic fibers (Cox, 1995).
As the bromide ion, the element is widespread throughout the earth along with the 
similar chloride. It is not thought to be an essential element, though several bromide 
compounds have been found in marine organisms. Like chlorine, the elemental form Br^ 
is highly toxic. Likewise, elevated concentrations of Br' appear to have a depressive
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effect on the nervous system contributing to its use as a sedative and as an anti­
convulsant for treating epilepsy.
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CHAPTER 3 
MATERIALS AND METHODS
Sorbent Characterization 
Two sorbents were used in this study: basalt and breccia. An extensive 
characterization was performed on each o f these sorbents which included mineralogy 
(solid structure), as determined by x-ray diffraction (XRD), sorbent pH measurement, 
major and trace element analysis by x-ray fluorescence (XRF), solid morphology and 
composition as determined by scanning electron microscopy (SEM) and energy 
dispersive x-ray (EDX) spectroscopy, respectively, pore size distribution and specific 
surface area, as determined by nitrogen adsorption, porosity and density determination, 
and cation exchange capacity (CEC). This level of characterization is needed to define 
parameters which are important in the experimental design and which are required for the 
estimation of other geochemical transport parameters obtained from the experimental 
data.
A portion of each sorbent was first reduced in size, a step necessary for 
performance o f small-scale batch equilibrium experiments. It should be noted that the 
sorption capacity of a solid is proportional to the total surface area available and the total 
surface area of nonporous particles is inversely proportional to the particle diameter.
21
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Thus, it is expected that higher sorption, per unit mass o f sorbent, will occur as the 
particle size fraction is decreased. The size reduction and subsequent sieving resulted in 
nine size fractions, ranging in size from greater than 4 mm to less than 50 jim. The 354- 
600 jam size fraction was mainly used in the sorption experiments, although a comparison 
of sorption behavior was made using the 600-833 jam size fraction as well.
Sorbent Mineralogv
The mineralogy o f the basalt and breccia was determined by XRD after particle 
size reduction. Spectra were collected in the 5 to 60° 20-range using 0.03° 20 steps and 
Cu Kfx radiation (X = 1.54060 Â). Inspection o f the spectra and an automated search o f 
the peaks obtained is consistent with the presence o f  the following minerals for each 
sorbent: basalt-w£z/or.- augite and laumontite; minor: piagioclase and chlorite; breccia— 
major: analcime, augite. and magnesioferrite; minor: laumontite, piagioclase. chlorite, 
and quartz. This composition agrees well with that given by Brown (1967) for basaltic 
rocks. Ail aforementioned minerals fall into one o f the following major mineral groups: 
p\Toxenes (augite), zeolites (laumontite, analcime), feldspars (piagioclase), chlorite, 
spinels (magnesioferrite), or quartz. A brief description of each of these mineral groups 
is provided below.
Pyroxenes
The pyroxene group is a broadly diverse mineral family whose various members 
constitute the most abundant and widespread o f the ferromagnesian minerals in igneous 
rocks. In general, pyroxenes are defined as a  group o f  dark, rock-forming silicate 
minerals, closely related in crystal form and composition with the general formula: 
AiB^lSriO;:]. where A = Ca. Na. Mg. or F e " \ and B = Mg, Fe~T F e^ . Cr. Mn. or Al,
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with silicon sometimes replaced in part by aluminum (Jackson, 1997). Structurally, 
pyroxenes are all single-chain silicates (inosilicates) based on tetrahedral linkage. They 
are comprised of endless one-dimensional chains made up o f Si0 4  tetrahedra in which 
two apical oxygens are shared with adjacent tetrahedra. The individual chains are bound 
together by interstitial cations in roughly octahedral coordination (Blatt and Tracy, 1996). 
A structural subdivision divides the pyroxenes into clinopyroxenes, which crystallize in 
the monclinic system and orthopyroxenes, which crystallize in the orthorhombic system. 
A detailed discussion on each o f these subdivisions is not within the scope of this text and 
the reader is referred to Blatt and Tracy (1996), Jackson (1997), and Brown ( 1967) for 
further information. Augite, one of the minerals found in both the basalt and the breccia, 
falls into the clinopyroxene subgroup and is usually black, greenish black, or dark green.
Zeolites
Zeolites are crystalline, hydrated aluminosilicates o f alkali and alkaline earth 
cations that possess infinite, three-dimensional crystal structures (Ming and Mumpton, 
1989). They are further characterized by their abilities to hydrate and dehydrate 
reversibly and to exchange some of their constituent cations, without major change of 
structure. As hydrous aluminosilicates, zeolites are analogous in composition to the 
feldspars, with Na, Ca, and K (rarely Ba or Sr) as their primary cations (Jackson, 1997). 
They are classified as tectosilicates, meaning they consist o f  three-dimensional 
frameworks of Si0 4 ^  tetrahedra in which all oxygens of each tetrahedron are shared with 
adjacent tetrahedra. Such an arrangement reduces the overall S i:0  ratio to 1:2, and if 
each tetrahedron were to contain Si as its central cation, the structure would be 
electrically neutral, as is quartz (Ming and Mumpton, 1989). In zeolite structures.
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however, some of the is replaced by giving rise to a net negative charge within
the framework which is balanced by the incorporation o f cations, in particular Ca‘^ N a \  
or Mg"”̂, in the cage structure. In general, zeolites are either white or colorless, 
though they have been tinted red or yellow due to impurities. Two zeolites, laumontite 
and analcime, were identified as either major or minor minerals in the sorbents used in 
this study. Laumontite is a white, monoclinic zeolite mineral having the formula: 
Ca[Al2Si4 0 i2]* 4 H2O. This mineral can sometimes contain appreciable amounts of 
sodium and, on exposure to air, loses water, becomes opaque, and crumbles (Jackson, 
1997). Analcime, the other identified zeolite, is a glassy, colorless to pink zeolite mineral 
with the general formula; Na[AlSi2 0 6 ]« H2O. It is a cubic zeolite, commonly found in 
diabase and alkali-rich basalts. For further information on these minerals, or on zeolites 
in general, the reader is referred to Ming and Mumpton ( 1989), Gottardi and Galli (1985), 
and Mumpton (1981).
Feldspars
The feldspar group is unquestionably the most common mineral group in both the 
earth’s crust and in igneous rocks. Feldspars are anhydrous tectosilicates o f general 
formula; M[Al(Al,Si)3 0 g], where M = K, Na, Ca, Ba, Rb, Sr, or Fe (Jackson, 1997). 
Structurally, the feldspars are framework aluminosilicates consisting of a three- 
dimensional continuous framework o f tetrahedrally coordinated silicon and aluminum.
All four corner oxygens in each Si0 4  or AIO4 tetrahedron are linked to adjacent 
tetrahedra (Blatt and Tracy, 1996). Feldspars are usually white o r nearly white in color 
and are clear and tianslucent, although they may sometimes be colored due to impurities. 
Piagioclase feldspars, one of the minor minerals identified in both the basalt and breccia.
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are simply those feldspars that are rich in Ca and/or Na, but with small amounts o f K, as 
opposed to alkali feldspars (such as orthoclase) which are rich in K and Na, but have 
small amounts of Ca (Huang, 1989). For more information on feldspars, the reader is 
referred to Huang (1989) and Brown (1967).
Chlorites
Chlorites are defined as a group of platy, monoclinic, usually greenish minerals 
having the general formula: (R+2,R+3)6AIS izO, o(OH)g where R+z = Mg"" ,̂ Fe'^, Mn”^, or 
Ni""  ̂and R+3 = A l^\ Fê "̂ , Cr̂ '*' (Jackson, 1997; Bamhisel and Bertsch, 1989). There are 
four subgroups of this 2:1  layer clay mineral : trioctahedral chlorite (the most common 
chlorite), dioctahedral chlorite, di,trioctahedral chlorite, and tri,dioctahedral chlorite. 
Chlorites, being less stable than other clays when placed into acidic environments, have a 
high tendency to be altered. It is this tendency that accounts for significant amounts of 
Mg"'*' and other cations that occupy exchange sites of clay minerals of such soils 
(Bamhisel and Bertsch, 1989). Chlorites in soil are largely inherited as primary minerals 
found in metamorphic or igneous rocks, or they occur as alteration products from 
minerals such as hornblende, biotite, and other ferromagnesium minerals. The structure 
o f the most common chlorite, trioctahedral chlorite, is composed of four sheets o f 
polyhedra. Three of these sheets are chemically bound together to form a 2 : 1 layer that is 
structurally similar to mica, consisting of two tetrahedral sheets, one on each side of an 
ocathedral sheet. The fourth sheet has been described in the literature in several ways, 
but is commonly expressed as an interlayer hydroxide sheet. Further discussion on this 
material is beyond the scope of this thesis and the reader is referred to Bamhisel and 
Bertsch (1989) for additional information.
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Spinels and Quartz
The spinel group can be defined as a group o f minerals o f the general formula: 
BzCAO^] where A represents Mg, Fe"'*' and Fe^\ Zn, or Mn or any combination o f these, 
and is in tetrahedral coordination by oxides, and B represents Al, Fe""*" and Fê "*", or Cr and 
is in octahedral coordination by oxides (Jackson, 1997). Magnesioferrite, a major 
mineral found in the breccia, is defined as a black, strongly, magnetic cubic mineral o f 
the spinel group having the formula: Fe2 ‘̂*'(Mg,Fe)~'*'0 4 .
Quartz is a crystalline, rock-forming mineral o f the general formula SiOz. This 
mineral is found in essentially all soils and parent materials and, next to feldspar, is the 
most common mineral, occurring either in transparent hexagonal crystals (colorless, or 
colored by impurities) o r in crystalline or cryptocrystalline masses (Jackson, 1997). A 
silicate mineral, quartz is classified as a tectosilicate comprised entirely of Si0 4  
tetrahedra in which each oxygen is linked to Si atoms of adjacent tetrahedra forming a 
three-dimensional framework structure.
Major and Trace Element Analvses
To further quantify the mineralogical composition o f the basalt and breccia 
samples, the XRD analysis was complemented by estimation o f bulk elemental 
composition, as determined by x-ray fluorescence (XRF) and energy dispersive x-ray 
spectroscopy (EDX). The XRF results are shown in Tables la  and lb. The major 
element composition (Table la) is presented as weight percentage in terms o f oxides. An 
average chemical composition of basalt according to LeMaitre (1976) is also shown for 
comparison purposes. Inspection o f Table la  shows that our analysis was in close
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Table la. Major element composition of the breccia and basait.__________
Major Element* Breccia Basait Basalt according
(this study) (this study) to LeMaitre
(1976)
Si0 2 49.5 50.5 50.06
AI2O3 16.4 16.1 15.94
TiOz 1.13 1.07 1.87
FezOz 13.0 11.5 11.4
CaO 7.11 11.8 9.70
KzO 1.74 1.95 1.08
P2O5 0.385 0.387 0.34
MnO 0.223 0.213 0 .2 0
NazO 4.05 1.40 2.94
MgO 6.44 5.14 6.98
* All data are given as percent weight and were normalized to account for lo 
on water molecules.
Table lb. Trace element composition o f the breccia and basalt.
Trace Element Breccia (ppm) Basalt (ppm)
Rb 24.30 19.46
Sr 290.10 473.15
Y 25.58 22.64
Zr 6345 77.55
Nb 7.03 4.06
Cr 64.71 61.41
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agreement with that presented in the literature. Trace element compositions for each 
sorbent are presented in Table lb.
As shown in Table la, both sorbents have very similar compositions.
Additionally, the table reveals that Si represents the majority of the sample by weight in 
both sorbents. This is somewhat expected because SiOo would be present as quartz or as 
a component of any aluminosilicate. Other elements found to be present in substantial 
quantities include Al, Fe, Ca, Na, and Mg.
An examination of the bulk elemental composition using EDX was performed on 
the breccia sorbent only and the results were found to be very similar to those o f the XRF 
analysis. Analysis o f a general view o f a  breccia sample, shown in Figure 4, yielded the 
following component weight percentages: Na^O—3.82; MgO—3.61; AI3O3—17.99; SiOi— 
48.15; C aO -11.41; and FezOg-15.02.
jiOCK um
Amchitka Core ÜA:-1î5734
Figure 4. Scanning electron micrograph showing a general view of the breccia, 12x 
magnification.
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Particle Morphology
In order to obtain a better understanding of sorbent morphology, e a c h  sample was 
examined by scanning electron microscopy (SEM) and individual particles analyzed 
using an energy dispersive x-ray (EDX) attachment in order to determine thieir average 
composition. A JEOL JSM-840A SEM/EDX spectrometer was used to exa_mine several 
areas o f  the sample under different magnifications, examples of which can toe seen in 
Figure 5. (Note: Samples used for analysis were crushed samples having dirmesions of 
approximately x V-i'.')
SEM is one of the most commonplace, powerful, and sophisticated (techniques 
available for the examination o f surface and near-surface characteristics o f s-amples. 
Inspection o f the breccia SEM micrographs in Figure 5 reveals that most o f «the particles 
at the 1 0 0 0 -fold magnification are present in the form o f anhedral masses wiith few, if 
any, well-defined crystal faces. Figure 5c, however, does show a crystal, wtnich was 
identified as albite. The presence of albite is consistent with the results o f th-.e 
combination SEM/EDX thin section analysis as will be discussed later.
Thin-section examination of both sorbents identified several minerals: as shown in 
Figures 6  through 8 . Figures 6  and 7 correspond to the basalt sample and idesntify the 
presence o f piagioclase (feldspar), zeolites, spinels, and pyroxenes. This is consistent 
with the XRD analysis, which identified augite (a pyroxene), laumontite (a zeolite), 
piagioclase, and chlorite. Figure 8  corresponds to the breccia sample and idemtifies the 
presence of albite (a feldspar), piagioclase and orthoclase (feldspars), a zeo litic  alteration 
product, pyroxene, and spinel. This, too, is consistent with the XRD analysis , which 
identified analcime (a zeolite), augite, magnesioferrite (a spinel), laumontite, piagioclase.
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Figure 5. SEM images of the breccia at different magnifications.
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Piagioclase
Z eolite
Figure 6 . Thin-section view of basalt sample, 40x magnification.
Zeolite/cIay
spinel
1 0 0 f t ( l
Figure 7. Thin-section view of basalt, 40x magnification.
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I Piagioclase 
Orthoclase 
Pyroxene 
Spinel
sâ Albite
Zeolitic alteration product
Figure 8 . Thin-section view o f breccia, 40x magnification.
chlorite, and quartz. The advantage of the examination of thin sections is that a 
semiqualitative abundance of mineral groups can be determined as is discussed below.
Analyses can be performed with a spatial depth resolution of about 1-2 pm  and an 
accuracy of 5-10% (Papelis and Sloop, 1997). This allows a semi-quantitative 
identification o f individual mineral crystals based on the relative abundance o f common 
elements in minerals. It should be noted here, however, that because several different 
minerals may have similar elemental composition, independent information on the types 
o f  minerals present, for example from XRD, may be required for unambiguous mineral 
identification. The advantage of the technique, however, lies in the fact that individual 
mineral grains can be examined, as opposed to analysis by XRD, which yields an average 
bulk composition. The results of this analysis can be seen in Table 2.
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Table 2. Adsorbent composition based on thin section image analysis.
Mineral Phase Basalt (%) Breccia (%)
Piagioclase 51.7
Oxides 2.3
Pyroxenes 28.6
Zeolite 9.5
Albite 16.7
Other Feldspars 23.1
Pyroxene/Oxide 14.6
Alteration products w/ K 24.8
Intergrowth o f  clay minerals and amorphous 
aluminosilicates
7.9 2 0 .8
Total 100 1 0 0
Bulk and True Density Analvses
The bulk and true densities of the sorbents were estimated by using the intact core 
samples and the following procedure. First, the sample was dried at 100 °C in an oven 
for 24 hours. The dry weight, w^, of the sample was then measured and recorded. The 
total volume, V t, o f the dried sample was measured by placing the sample in a  graduated 
cylinder and measuring the change in level o f a surrounding medium. In this method, the 
surrounding m edium  consisted o f uniform-size glass spheres having a diameter between 
300-425p.m. This particular material and size fraction allowed for an acceptable degree 
of compaction yet prevented spheres from migrating into the pore spaces. Once the 
volume o f the dry sample was determined, the bulk density (Pb) could be obtained using 
Equation 1:
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mass dry sample _Pb = ---------------- --------i ^  (1)
total volume dry sample 
The sample was then immersed in NANOpure™ water (high purity water with at 
least 18 MQ cm  resistivity) and placed in a sealed vacuum chamber at ambient 
temperature to achieve saturation. Once saturated, the surfaces were wiped off and the 
saturated weight determined. Assuming the water density is 1.00 g/cm^ at 25°C 
(approximate water temperature) the total pore volume, Vp, o f the rock was determined as
V p = ^  (2 )
where Ws is the saturated weight and pw is the density o f water. The true density of each 
sorbent, p%, was determined as
so lid
Total porosity, e, is the ratio o f total pore volume to total sample volume and can 
therefore be determined by the following equation:
V
e = ^  (4)
V y
The measurements for each sorbent were performed in quadruplicate and the final 
value reported an average o f the four individual measurements. The bulk density 
measured for the basalt sample was 2 .2 1  g/cm^ and the average true density was 2.51 
g/cm^. The average bulk and true densities for the breccia sample were 2.14 g/cm^ and 
2.49 g/cm^, respectively. The values for the tme densities are not unexpected. The
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literature has shown true densities o f the constituent minerals of the sorbents ranging
from 2.25 g/cm (for laumontite) to 4.51 g/cm (for magnesioferrite) (Nickel and Nichols, 
1991). Thus, the measured intermediate densities o f both the basalt and the breccia are 
consistent with those reported in the literature. Likewise, it was determined that the 
average porosity of the basalt sample was approximately 1 2 % and that of the breccia was 
approximately 14%. These values are consistent with those reported by Freeze and 
Cherry (1979) who list an average porosity value o f brecciated basalts as 10% and by 
Fetter (1994) who states that basalts generally have a porosity between 1-12%.
Specific Surface Area and Pore Size Distribution
The specific surface area and the pore size distribution of the sorbents were 
determined based on nitrogen adsorption measurements, using a Micromeritics ASAP 
2010 Analyzer and the Ni-BET model (Brunauer et al., 1938). This method can be used 
to obtain an estimate of the specific surface area of sorbents having surface areas from 
one to several hundred m"/g (using nitrogen adsorption). Although the method has 
several shortcomings, it continues to be the most widely used and general method for 
particle surface area estimation (Gregg and Sing, 1982).
The measured specific surface areas for the two size fractions used for the 
sorption experiments are shown in Table 3. Due to the importance of surface area, 
measurements were made in duplicate for the size fraction used in the majority of the 
sorption experiments (354-600 |im). The numbers listed in Table 3 are an average of 
these two values.
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Table 3. M easured specific surface areas o f basalt and breccia sorbents.
Sorbent Size Fraction 
(Um)
Specific Surface Area 
(m-/g)
Basalt 600-833 2.1911
354-600 2.0371
Breccia 600-833 8.5754
354-600 9.1872
It should be noted that the validity of the results obtained from using the BET 
method may be questionable in two cases; ( 1) when the sorbent material has substantial 
microporosity and (2) when smectite (swelling) clays are present. Because nitrogen gas 
cannot diffuse into the collapsed interlayer spacings o f smectite clays, an accurate 
measurment of the surface area may not be obtained and a severe underestimation of the 
total surface area results. Other methods such as the ethylene glycol monoethyl ether 
(EGME) method uses a polar molecule which is able to penetrate these interlayers 
forming a monomolecular layer over the entire surface. This procedure helps to give a 
more accurate surface area for materials containing considerable amounts of smectite 
clays. The surface area o f the sorbents was also estimated by EGME adsorption to 
determine to what extent, if any, the surface area measurements differed from those of the 
BET analyses. The results showed an increase in surface area for both the basalt and the 
breccia, specifically, a surface area of 15.5416 m"/g for the basalt and 57.1626 m“/g for 
the breccia. These correspond to EGME:BET ratios o f 7.6 and 6.2 for the basalt and the 
breccia, respectively. Because the results of both, the BET and pore size analyses
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revealed no microporosity for either sorbent, the increase in surface area is most likely 
due to the presence o f swelling clays.
The specific surface area o f nonporous particles is inversely proportional to 
particle size, i.e., as the particle size increases, the specific surface area decreases. 
Inspection of Table 3 shows a  small dependence of specific surface area on particle 
dimensions with respect to the breccia, but not for the basalt. Additionally, one should 
note the relatively small change in surface area between the larger and smaller size 
fractions for the breccia as well. Such behavior can most likely be attributed to internal 
porosity, in which case one would not expect to see much difference in specific surface 
area with size. The presence o f zeolites, as determined by XRD analysis, is consistent 
w ith these findings because zeolites possess an internal cage-like framework structure 
giving them a large internal surface area. The small variations of surface area between 
particle sizes can most likely be attributed to decreased accessibility o f internal pores 
with increasing particle size.
Inspection of Table 3 also reveals the differences in surface areas between the two 
sorbent types with that o f the breccia being almost four times larger than that o f the 
basalt. It is important to be aware o f this because it enables normalization o f solute 
sorption data to surface area and, ultimately, allows a meaningful comparison to be made 
regarding sorption of ions as a function of sorbent type. For example, the breccia would 
require roughly 14 the solid concentration of the basalt to have roughly the same overall 
surface area.
Figures 9 and 10 illustrate the adsorption and desorption branches o f the nitrogen 
isotherms for the basalt and the breccia, respectively. Inspection o f both figures shows
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Figure 9. Isotherm of nitrogen adsorption/desorption on the basalt.
30
D-
H00
00
25
20 c  o
-a
M 15 
o
C/3
<
O 10
o
>  5
-#—Adsorption Branch 6185#!
Desorption Branch 6 185#l 
-Ar— Adsorption Branch 6185#2 
-O—Desorption Branch 6185#2
0
0.9 10 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Relative Pressure (P/Pq)
Figure 10. Isotherm of nitrogen adsorption/desorption on the breccia.
1.1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
39
the results o f duplicate experiments to be in close agreement with each other. The 
corresponding average pore diameters (4V/A), calculated from the adsorption and 
desorption branches o f each sorbent using the Barrett, Joyner, and Halenda (BJH) method 
(Barrett et al., 1951), are listed in Table 4. (Note: The results presented are for the 354- 
600 (im size fraction and are averaged values o f duplicate analyses). As can be seen from 
the table, the average pore diameter (4V/A) is 205.18Â for the basalt, and 153.43Â for 
the breccia. Likewise, the table shows that the average pore diameters estimated from the 
adsorption branch (as averaged from duplicate analysis) were 240.48À and 158.75Â for 
the basalt and the breccia, respectively. The average pore diameters estimated from the 
desorption branch were 122.52Â and 90.42Â for the basalt and breccia, respectively. 
Based on the above sizes, these materials can be classified as mesoporous, referring to 
materials with pore size diameters between 20 and 500Â (Gregg and Sing, 1982).
In conclusion, it can be seen that the basalt has a somewhat larger average pore 
diameter than the breccia. This is consistent with the finding that the breccia has the 
higher specific surface area because, as previously mentioned, specific surface area is 
inversely proportional to size; thus the smaller pore sizes are expected to have larger 
surface areas.
Table 4. Pore size measurements for the basalt and breccia.
Basalt Breccia
BJH Adsorption Average Pore Diameter (4V/A) 240.48A 158.75A
BJH Desorption Average Pore Diameter (4V/A) 122.52Â 90.42Â
Average Pore Diameter (4V/A) 205.18Â 153.43Â
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 0
Sorbent Solution pH and Cation Exchange Capacity
The sorbent solution pH was measured by suspending 2 g o f  sor-bent material 
(either the basalt or breccia) in 4  mL o f NANOpure™ water and allowimg it to equilibrate 
for approximately 24 hours. The pH values obtained for this solid/solu-tion ratio o f 1:2 
were 8.9 and 8.7 for the basalt and breccia, respectively. These results becom e 
important, because as is discussed later in this thesis, when considering She sorption of 
Pb(II) on the sorbents, it is at a pH o f approximately 9 that Pb(II) so rp tio n  on each 
sorbent most closely resembles a linear isotherm.
Cation exchange capacity (CEC) is a measure of the quantity of ceadily  
exchangeable cations in a sorbent and it is usually expressed in m illiequivalents per kg of 
soil (meq/kg). The CEC was determined for both, breccia and basalt usimg the method 
developed by Busenberg and Clemency (1973). The measurements for e a c h  sorbent were 
performed in duplicate and the final value obtained was an average o f  th e  two individual 
experiments. The CEC of the basalt was 86.3 meq/kg, and the CEC o f  tb e  breccia was 
183 meq/kg. Note that the CEC of the breccia was approximately twice th a t  o f the basalt. 
It has been stated that, in general, increasing values of surface area correLate with 
increasing values of CEC (Knox et al., 1993). Thus, the fact that the b recc ia  has a higher 
surface area than the basalt, and potentially greater number of reactive sices for 
exchanging ionic species per unit mass of material is consistent with it halving the higher 
CEC.
Based on the cation exchange capacity measurements for each sorbent, 
calculations were made to determine the molar amount of di- and mono-v-alent metal 
cations that could be theoretically exchanged with the cations that are comtained within
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
41
the framework structure o f either sorbent. Calculations were performed at a solid 
concentration of 1.0 g/L because this was the concentration used in all experiments. 
Inspection of the results shown in Table 5 reveals that the basalt has the capacity to 
readily exchange divalent metal cations up to 4.32x10'^ M and the breccia, up to 
9.15x10'^ M. With respect to monovalent cations, however, the basalt is capable o f 
exchanging up to 8.63x10'^ M and the breccia up to 1.83x10*^ M. These data suggest 
that, with respect to the batch experimental matrix used, each sorbent would easily be 
able to readily accept divalent metal concentrations of 1.0x10'^ M but not 1.0x10"^ M. In 
the case o f the monovalent Cs^ metal cation, however, it appears that even at the highest 
metal cation concentration used in these experiments (1x10"^ M), the entire molar 
concentration could be theoretically exchanged for cations contained within the solid 
mineral structure o f the breccia sorbent. It should be noted, however, that these 
calculations do not take into account the background electrolyte, which could also supply 
exchangeable cations. Thus, competition with other elements must be considered since 
these background electrolytes have the potential to add a greater number o f cations to 
solution.
Table 5. Calculated exchange capacity o f the breccia and basalt for divalent (Pb""^) and 
monovalent (Cs"^ cations.
Metal Cation Basalt Breccia
P b ^ 4.32x10'^ M 9.15x10'^'M
Cs+ 8.63x10'^ M 1.83x10-^ M
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Experimental Procedures
Batch Equilibrium Sorption Experiments
Batch equilibrium sorption experiments, using the reactive Pb(E) and Cs(l) 
solutes only, were conducted in individual 12-mL polypropylene centrifuge tubes. A 
specific amount o f solid was added to the centrifuge tubes, the amount depending on the 
final solid concentration desired. All experiments in this study were performed using 1 
g/L solid. A variable amount o f either 0.1 M HNO3 (nitric acid) or 0.1 M NaOH (sodium 
hydroxide) was added to adjust the pH to the approximate final pH value desired. The 
amounts o f acid and base required for pH adjustment were determined by trial and error. 
Typically, a pH range between 3 and 11 was targeted in order to see the affects o f pH 
more clearly, however, the pH range of primary concern was between 5 and 9 as this is 
what is usually encountered in field conditions. After the initial acid or base addition, the 
solution was allowed to equilibrate without further pH adjustments.
A set o f nine individual centrifuge tube-reactors was set up at a time with varying 
target pH values. The first o f these was a control tube to which no soil was added. 
Approximately 59 |i.L of either 1.7x10"^, 1.7x10'^, or 1.7x10'" M metal ion were added to 
the centrifuge tubes to achieve the desired final total metal concentration in the samples, 
ranging from 1x10'^ to 1x10"^ M. The adsorbate added was either Pb(N0 3 )2  (lead nitrate) 
or CSNO3 (cesium nitrate) depending on the experiment being performed. The necessary 
quantity o f synthetic groundwater was added to result in a final solution volume of 10  
mL. All reagents used were o f ACS grade quality grade or better. NANOpure™ water 
was used exclusively for all solutions prepared.
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The individual centrifuge tubes were allowed to equilibrate for at least 24-hours 
by end-over-end rotation at 8  rpm. Preliminary experimental work showed that this 
equilibration time was adequate. Although true equilibrium is most likely not reached in 
this 24-hour time period, the data presented in this thesis are still valid because of the 
much shorter time required for sorption processes to reach equilibrium compared to other 
processes such as phase transformation or oxidation/reduction.
Upon reaching equilibrium, the final pH of the suspension was measured using an 
Orion model 720 pH meter with an Orion Ross glass combination electrode. The pH 
meter was calibrated daily before use with pH 4.00, 7.00, and 10.00 buffers. Immediately 
following the pH measurement, solid-solution separation was achieved using a Marathon 
K/R 21 centrifuge and centrifuging the samples at 9000 rpm for 30 minutes. After 
centrifugation, a 2-mL aliquot was removed from the supernatant and acidified with 24 
fiL of concentrated high purity HNO3 before analysis.
Ion concentrations of the aliquots were measured using a Perkin-Elmer 4110 ZL 
atomic absorption (AA) spectrophotometer equipped with a graphite furnace and Zeeman 
background correction. The relative fractional uptake (percent sorbed) of the ions by the 
sorbent was determined by comparing the ion concentrations in the supernatant to the ion 
concentration in the control tube. The equation used to determine the percent sorbed is 
given by:
(c -C  )
Percent Sorbed = —  ----- —  x 100 (5)
Co
where:
Co = total concentration of metal added to sample (mol/L)
Ceq= equilibrium concentration of metal remaining in the supernatant (mol/L)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4 4
M ost experiments were conducted using synthetic groundwater having a 
com position representative of that found in the field. This choice was made because use 
o f partitioning coefficients to predict the fate and transport of inorganic contaminants in 
natural hydrogeological environments requires estimation o f the coefficients under 
identical geochemical conditions to those found at the site being studied. Failure to do so 
may result in severe over- or under-estimation o f contaminant transport. An analysis of 
both, the site and synthetic groundwater can be found in Table 6 .
Table 6 . Composition of site and synthetic groundwater.
Species Site Groundwater 
(mg/L)
Site Groundwater 
(mol/L)
Synthetic Groundwater 
(mol/L)
SiO. 34 5.66x10"^ -
AI^^ - - -
Fe"^ <0.01 - -
Mn-^ 3.5 6.19x10'" -
Mg-+ 170 6.99x10-' 6.99x10''
Ca-^ 1900 4.74x10'- 4.74x10''
Sr-" 21 2.28x10“' -
Li^ 0.5 7.20x10'^ -
Na^ 8700 3.65x10'' 3.65x10''
BC 120 3.07x10'' 3.07x10"'
HCO3 400 7.05x10"^ 7.05x10“'
CO3 0 0 0
SO T' 2000 1.87x10'' 1.87x10''
c r 16000 4.51x10'' 4.39x10''
F 1 - -
NO3' 1 3.23x10'^ -
P O / ' 5.4 - -
Note: pH 6.9 ~7.8
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Sorption Parameter Estimation Techniques
Once the batch equilibrium sorption experiments were completed, the fractional 
uptake data were used to construct sorption isotherms and to determine equilibrium 
partitioning coefficients. The amount of solute sorbed onto the sorbent can be calculated 
as the difference in mass o f the solute in solution before and after reaction. As a result o f 
the batch equilibrium experiments, it is possible to plot the mass sorbed per unit mass o f 
sorbent, S, as a function o f the equilibrium concentration o f solute remaining in solution, 
Q q (Fetter, 1994). This graphical representation is known as a. sorption isotherm.
Several sorption isotherms have been developed and used over the years, however 
the most commonly used are the linear, Freundlich, and Langmuir isotherms (Papelis, 
1997). Because only the linear and Freundlich models were used in this study, they are 
discussed below. For more information on the Langmuir model, the reader is referred to 
Stumm and Morgan (1996), Drever (1997), Ruthven (1984), and Morel and Hering 
(1993).
The linear isotherm assumes that the amount o f contaminant sorbed by the sorbent 
is directly proportional to the concentration of the compound in solution (Travis and 
Etnier, 1981). The equation describing the linear isotherm is given as;
S = KdCcq (6)
where:
S = amount o f solute sorbed (g solute/g solid)
Ceq = concentration of solute in solution (g/m ')
BQi = distribution coefficient (m'/g)
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[n most instances, the BQ value is the sought-after parameter and is used in 
various transport codes to model the migration of ions in the subsurface environment.
The numerical value o f the distribution coefficient is a  function o f the properties o f the 
solid and the composition of the solution and thus cannot be easily transferred from one 
system to another. Futherraore, use o f the BQ assumes that the isotherm is truly linear and 
that the affinity of the sorbate for the sorbent remains the same for all levels o f Qq. 
Utilization of such a parameter when the above assumptions are not true may result in 
gross errors in sorption behavior predictions.
When sorption data do not exhibit a linear relationship, the Freundlich isotherm is 
often used instead. The Freundlich isotherm is the oldest o f the nonlinear sorption 
isotherms and has been widely used to describe the sorption of solutes by soils (Travis 
and Etnier, 1981). The Freundlich isotherm is given as;
S = BCfĈ q'/" (7)
where:
S = amount of solute sorbed (g solute/g solid)
Ceq = concentration of solute in solution (g/m')
Kr = the Freundlich constant ((g/g)/((g/m ')‘̂ "))
1/n =  the measure o f nonlinearity (dimensionless)
The parameters Kf and 1/n represent the equivalent of BQ and the exponent o f the 
equilibrium concentration, respectively ( 1/n is 1, by definition, for the linear isotherm). 
The Freundlich isotherm applies very well to solids with heterogeneous surface 
properties because the 1/n term takes into account that different sites have different 
binding energies, with molecules being sorbed at the sites with higher binding energies
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first, and at sites with lower binding energies later. If the value of Un is not equal to 1.0, 
the above relationship can be linearized by taking logarithms such that;
logS = —logC -i-logKf (8 )
n
Though the use o f this isotherm allows for easy curve fitting, it does not guarantee 
accuracy if the data are extrapolated beyond the experimental points (Travis and Etnier, 
1981). It should also be noted that the use the aforementioned isotherms assumes 
equilibrium conditions and reversibility. With respect to Pb(H), however, irreversible 
sorption behavior is probably more likely.
Core Diffusion Experiments
Diffusion experiments were conducted using small, intact, core samples. The 
sample was cut from the full core using a water mill saw and the bulk density, true 
density, and porosity determined as described in the previous section. Once the bulk 
density, true density, and porosity of the sample were determined, one of two procedures 
was followed.
For the nonreactive solute, two different experimental methodologies were used: 
diffusion from a core (method 1) and diffusion through a porous slab using a diffusion 
cell (method 2). In the first, the sample (having typical dimensions no larger than 
l ‘/ 2”x%”x%”) was first saturated in a 0.1 M solution o f sodium bromide (NaBr) prepared 
using the synthetic groundwater. The saturation process was continued until no change in 
mass occurred. On average, saturation endured for approximately 3-5 weeks.
Prior to beginning the diffusion experiments, all but one outer surface o f the 
sample were sealed with Varathane, a clear floor finish, to ensure that the bromide tracer 
was only able to diffuse out through the exposed end of the core. Analyses showed that
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Figure 11. Experimental apparatus used in the diffusion experiments with NaBr (method 1). 
Source: BCranz, 1994.
no bromide was released by the Varathane coating. The experimental apparatus in which 
these diffusion experiments were conducted is shown in Figure 11. Each apparatus 
consisted of a one liter mason ja r  having a tight-fitting screw type lid. Each lid was 
equipped with a rubber septum for sampling and a threaded rod to which the core sample 
was attached and suspended above the underlying solution, which was continuously 
stirred using a magnetic stir rod in order to maintain a uniform concentration in the 
reservoir. The threaded rod allowed the height of the core sample to be adjusted to 
maintain constant contact with the underlying reservoir o f  solution. When using the
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bromide tracer, this underlying solution was 500 mL o f NANOpure water. Each cell was 
also fitted with a 6 in long, 18 gauge needle, permanently placed through the rubber 
septum. This allowed for the collection o f 2-mL samples o f reservoir solution. The 
collected samples were then analyzed using an Orion 94-35 bromide selective electrode 
and an Orion 90-02 double junction reference electrode to determine the relative change 
in Br concentrations with time. As a check, some samples were additionally analyzed by 
ion chromatography (IC) to test the accuracy of the ion selective electrode.
A second experimental methodology, which consisted o f a diffusion cell (method 
2), was also used to determine the diffusion coefficient o f the nonreactive, Br solute.
This allowed for a comparison to be made between different experimental setups. The 
apparatus used in these experiments was different than that previously described and is 
shown in Figure 12. An acrylic diffusion cell was used which was composed of two 
cells, a tracer and a measurement cell, both of 100 mL volume. A rock sample (having 
typical dimensions of 2 cm x 2 cm x 0.5 cm) was placed in a divider that separated the 
two cells and sealed with a clear, 100% silicone sealant. The sample and divider were 
then placed in the diffusion cell and the joint where the divider and cell met was sealed 
with the silicone sealant. When the seal was dry, both cells were filled with synthetic 
groundwater and the sample saturated under vacuum for a period o f 7-14 days. The cells 
were then emptied and the appropriate solutions added to each cell compartment. A 
parafilm cover was placed on top o f the apparatus to minimize evaporation and a 
magnetic stir rod added to both cells to maintain uniform tracer concentrations.
Because the reactive Pb(II) and Cs(I) could potentially react with the solid core in 
an irreversible manner, only the second method was utilized to determine their diffusion
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Figure 12. Schematic o f diffusion cell apparatus used in method 2.
Stir rod
coefficients. For these and the nonreactive Br solute, tracer solutions were prepared as 
follows. When using the Pb(II) tracer, 10'^ M PbCNO])? was prepared using synthetic 
groundwater and reagent grade Pb(N0 3 )2. When using the Cs(I) tracer, 10'^ M CsNO; 
was prepared using synthetic groundwater and reagent grade CsNOg. Finally, when using 
the Br' tracer, 0.1 M  NaBr was prepared using synthetic groundwater and reagent grade 
NaBr. The tracer solutions and synthetic groundwater were injected into the tracer and 
measurement cells, respectively, before the experiments were initiated. In the case o f the
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reactive solutes, samples (200 (iL) were periodically taken from the measurement cell to 
check the concentration o f the diffusing ion of interest (i.e. Pb(II) or Cs(I)). The samples 
were acidified with high purity HNO3 and analyzed using AA spectroscopy. For 
comparison purposes, samples (200 pJL) were taken from the tracer cell as well and were 
diluted, acidified, and analyzed using AA spectroscopy. This was done in order to 
maintain equal volumes in each cell and to track the movement o f the tracer through the 
solid core sample. When using the nonreactive Br' solute, the change in relative solute 
concentration in the measurement cell was measured using the ion-selective electrode as 
described earlier.
Diffusion Coefficient Estimation Techniques
The diffusion of ions through the basalt and breccia core sample, assuming 
diffusion from high solute concentration to low solute concentration, was modeled using 
an analytical solution of the general diffusion equation (Pick’s second law) and:
a c .  a - c
3x’- (9)
where:
C = concentration o f  diffusing species in solution (mol/L)
D = diffusion coefficient (mVs) 
t = time (s)
X = distance in the direction of diffusion (m)
The term “diffusion coefficient” in the above equation is used in a general sense 
and depending on the experimental conditions, it may take different meaning. When 
describing diffusion of a solute in bulk solution, the diffusion coefficient is referred to as 
the molecular diffusion coefficient, Dmoi- The molecular diffusion coefficients used in 
this study were determined by  the Nemst-Haskell equation (Reid et al., 1977):
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where:
Dmoi = molecular diffusion coefficient (m“/s)
T  = temperature (K)
R = gas constant (8.314 J/mol-K)
F = Faraday constant (96,485 C/mol)
X+ , A.. = ionic conductivity at infinite dilution for cation and anion, 
respectively (m'S/mol)
n+, n. = valences o f cation and anion, respectively (dimensionless)
In porous media, diffusion cannot proceed as fast as it can in a bulk solution 
because the ions must follow longer pathways as they travel through the tortuous pore 
paths. To take this into account, an effective diffusion coefficient, Derr, is used and is 
defined as:
D .,  (11)
X
where % is the tortuosity (dimensionless), and is here defined as the actual length of the 
flow path divided by the straight-line distance between the ends o f  the flow path of the 
diffusing species (Fetter, 1994). The tortuosity factor (which accounts for pore structure 
effects on the length o f the diffusion path) incorporates the effects o f  parameters such as 
particle size, porosity, and pore size distribution and has typical values ranging from 
approximately 1.5 to 10 (Papelis et al., 1995). The Dgff was determined by an analytical 
approach as described in the following section. Because there is no a priori method for 
tortuosity estimation, this value was estimated from Equation 11.
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If while flowing through the porous medium, ions are sorbed onto the mineral 
surfaces or undergo any other reaction(s), the net rate o f diffusion will obviously be 
reduced compared to that for nonsorbing or nonreactive species. In this case, the term 
apparent diffusion coefficient, Dapp, is used to describe the diffusion of the solutes and is 
defined as:
=  -  - r v ~  ( 12)
, Pb *^cl
where:
Dapp= apparent diffusion coefficient (m"/s)
Dmoi = molecular diffusion coefficient (m ”/s)
X = tortuosity (dimensionless) 
pb = solid bulk density (kg/m^)
Kd = distribution coefficient (m^/kg) 
e = porosity (dimensionless)
The apparent diffusion coefficient is a function of the solid structure, specifically 
its density, porosity, and tortuosity, and the specific sorbate-sorbent interactions. The 
distribution coefficient, IQ can be estimated from batch equilibrium experiments. It 
should be noted, however, that the use o f Equation 12 assumes a linear distribution 
coefficient, Kj and that, if such a value is not valid based on batch experiments, alternate 
equations would need to be employed.
It should also be noted that modeling diffusion requires the use of prescribed 
initial and boundary conditions (initial solute concentrations at t =  0, Co, and the final 
solute concentration at equilibrium C«). Accordingly, the diffusion of the solutes was 
modeled using two experimental setups: (1) assuming diffusion of fixed initial solute
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concentration out o f a solid core into a well-stirred reactor o f limited volume, and (2) 
assuming diffusion through a porous slab with uniform initial distribution and different 
surface concentrations. The solution to Equation 9 would vary depending on 
experimental setup, i.e. diffusion from a core (method 1) o r diffusion through a porous 
slab using a diffusion cell (method 2). Both solutions are presented and briefly discussed 
below.
Solution to the Diffusion Equation : Diffusion from a Core (Method 1)
The solution to the general diffusion equation for the case o f diffusion from a 
core, (assuming no sorption, instantaneous mixing , and Defr independent of 
concentration) is given by Crank (1975) as:
C = C„erf (13)
where erf is the error function, C = Co (original tracer concentration) at t = 0 for 
0 < x < L ; C  = 0 a t t  = 0 for x < 0; C = Co for x = °°, and L is the length of the core 
(Shackelford, 1991; Tyler, personal communication). Taking the partial derivative gives 
(Kranz, 1994):
æ
dx
Co exp
evaluating 3C/3x at x = 0 and substituting into Pick’s Law gives:
C„8D,.„  o  e f f
x = 0 efft
simplifying:
(14)
(15)
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(16)
and because mass must be conserved:
VTt
(17)
where V^s is the volume o f the reservoir (m^) and Acorc is the cross-sectional area of the 
core through which diffusion occurs (m"). Integrating gives:
y  (-> _  „u:
'^ r e s '- 'r e .s  '■
rearranging:
=
2A„
VV /
CpG-x/Pcff 1̂/2
where:
(18)
(19)
Cjos = solute concentration in reservoir (mg/L)
Co = initial solute concentration o f saturated core sample (mg/L)
8 = porosity (dimensionless)
Doff = effective diffusion coefficient (mVs) 
t = time (s)
By plotting Cms vs. t ‘̂ “ and estimating the slope, m. Doff can be calculated by:
, 1 / 2 = m =
2A_
V„,
Co8-̂ D̂ ff
(20)
and rearranging to get:
Dpff =
V,
2A„
m
eC „
(2 1 )
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This solution was used to determine the Defr for Br through the basalt and breccia 
core samples where the experimental setup consisted of diffusion from a core (method I). 
Once the Derr was determined for each case, the tortuosity was calculated using Equation 
11. By combining the Derr, and the FQ values determined from the batch equilibrium 
experiments, an apparent diffusion coefficient was calculated for Pb(II)- Because the 
batch experiments with Cs(I) showed no sorption at the high ionic strength, only a Derr 
was calculated. For identification purposes, the diffusion coefficients calculated for 
Pb(II) and Cs(I) using this method will hereafter be referred to as the indirectly-derived 
coefficients, as opposed to the directly-derived coefficients that were obtained based on 
experimental diffusion data.
Solution to the Diffusion Equation: Diffusion through a Porous Slab (M ethod 2)
The solution to the diffusion equation for method 2, diffusion through a porous 
slab, having initial and boundary conditions such that C = Ci at t > 0 for x < 0; C = 0 for t 
= 0 for X > 0; and where C| »  C? (C2 being the concentration of diffusing substance in 
the measurement cell, which changes as a function of time) is (Crank, 1975):
c(x ,t) , X 2 1 . njcx
=  1--------- 2 ^ —sm ------- exp
C| L 7C n
where :
 ̂ D , , n V t  ̂
L'a
(22)
C| = concentration of diffusing substance in tracer cell (mol/L)
X = length coordinate 
L = thickness o f porous slab (m)
Deff= effective diffusion coefficient (m"/s) 
a  = rock capacity factor
The rock capacity factor, a , is equal to £ + PbK<i and takes into account the physical 
properties of the rock. The rate, N, at which the diffusing substance emerges from a unit
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area of the face x=L o f the slab is given by differentiating Equation 22 and substituting it
into Pick’s first law (Skagius and Neretnieks, 1986):
dc (23)
x =  L
By integrating (23) with respect to time t, the total amount o f diffusing substance Q 
which will have passed through the slab after time t is obtained:
Q  _  D .,ft a  2 g , ^  (-1 )"  _  J  D ,„ n V t^
Lc, Lr 6 K~ n"
As t—> oo. Equation 24 approaches the linear relation:
L-a
(24)
Q = (25)
L 6
with the slope, m, equal to CiDeff/L and an intercept on the time axis t =  L“o/6Dt;ff. 
Rearranging, Derr is determined from:
D,„-= —  (26)
c,
In this second method, the concentration o f Br' in the measurement cell was 
measured as a function o f time, and D r̂r derived from the slope of Q versus time. Based 
on the Derr, the tortuosity was calculated using Equation 11 and used in Equation 12 to 
determine the Dapp for the reactive Pb(II) tracer. Again, because the synthetic 
groundwater was used as the background electrolyte, Cs(I) was expected to behave as a 
nonreactive tracer and thus only a Derr was calculated. Experiments were then set up 
using method 2 and both, the Pb(II) and Cs(I) tracers so that a comparison could be made 
between the indirectly-derived values and the directly-derived values obtained from 
laboratory diffusion experiments.
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It should be noted that, for comparison purposes, another solution to the diffusion 
equation for this second method was adopted from Skagius and Neretnieks (1982). This 
solution was used to model the Br data only so that a comparison o f results could be 
made between two analytical solutions. Based on the concept that the rate of transfer of 
diffusing substance through a porous slab of cross-sectional area. A, can be described by 
Pick’s law o f diffusion, and the initial and boundary conditions described above, it can be 
said that after a time, a steady state will be reached in which the concentrations remain 
constant at all points o f the slab. At this time, the rate of transfer o f diffusing substance is
the same across all sections o f the sheet and the mass flux, N (mol/time), of the substance
can then be given by the following equation (Skagius and Neretnieks, 1982):
N =  (27)
dx L
Assuming that C |» C 2 at all sampling times (an assumption that was shown to be true by 
the data), the equation reduces to:
N = D,y (28)
N can be obtained from a plot o f mass flux per time (i.e. moles versus time) and Equation 
28 can be solved to obtain Deff as:
(29)
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CHAPTER 4
SORPTION OF Pb(H) AND Cs(I) ON BASALT AND BRECCIA: EQUILIBRIUM 
EXPERIMENTS, ISOTHERM PARAMETER ESTIAMATION,
AND CHEMICAL SPECIATION M ODELING 
This chapter contains the results of the equilibrium sorption experiments 
performed on the basalt and breccia sorbents using both, Pb(H) and Cs(I) as reactive 
solutes. This section is divided into three segments. The first contains the results of the 
sorption experiments performed using the Pb(II) and Cs(I) sorbates. The second provides 
a comparison o f these results with respect to sorbent type as well as possible explanations 
for the observed selectivity trends between the two cations. Finally, the third segment 
presents the isotherm parameters that were estimated for each sorbent-sorbate reaction 
and the results o f chemical spéciation modeling that was performed for each cation.
Sorption o f Pb(II) and Cs(I) on Basalt and Breccia
PbfID Sorption
Batch equilibrium sorption experiments using Pb(II) (as Pb(N0 3 )2) were 
conducted with both sorbents in synthetic groundwater, having an approximate ionic 
strength o f 0.5 M, and in 0.01 M NaN0 3  in order to investigate the sorption behavior of
59
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Pb(n) as a function o f ionic strength. Sodium nitrate (NaNOs) was chosen as the 
alternative background electrolyte because Na^ is the highest concentration cation present 
in the groundwater at the Cannikin Test Site. Overall, the experiments indicated two 
particular trends with respect to Pb(II) sorption: (1) the fractional uptake of Pb(II) 
increased as ionic strength decreased and (2) the fractional uptake of Pb(II) increased 
with decreasing metal concentration.
Sorption o f 10'^ to 10"̂  M (207.2 (Ig/L to 20,720 p-g/L)) Pb(II) on 1.0 g/L basalt 
in synthetic groundwater (ionic strength = 0.5 M) is shown in Figure 13. Inspection o f 
this figure shows that, in general, the fractional uptake o f Pb(II) is inversely proportional
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Figure 13. Sorption o f Pb(II) on 1.0 g/L basalt as a function o f total metal concentration.
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to the total metal concentration, i.e. fractional uptake decreases as total metal 
concentration increases. For example, sorption of 10"̂  M Pb(lT) ranges from 
approximately 8% at a pH near 4 to 93% at a pH near 10. Sorption o f 10'^ M Pb(II) at 
these same pH values is somewhat higher, approximately 18% at a pH near 4 to 96% at a 
pH near 10. One should note that, although the fractional uptake generally decreases 
with increasing concentration (as a. fraction  o f total metal concentration sorbed) the total 
amount o f Pb(II) sorbed is actually increasing.
The behavior of Pb(II) displayed in these graphs is typical for a cation sorbing on 
amphoteric surface sites, i.e. increasing sorption with increasing pH. Amphoteric surface 
sites can be defined as variable-charge sites that can act as proton donors or proton 
acceptors, depending on the pH of the system (Davis and Kent, 1990). At low pH, where 
there is an abundance of H^ ions in solution, these amphoteric sites can accept a proton 
from solution resulting in a net positive surface charge as seen in Equation 30.
=S-O H  + =S-0H2^ (30)
where =S represents the mineral surface. Because of this net positive charge, cations in 
solution tend to be repelled from the sites and thus cation sorption tends to be decreased. 
As the pH o f the system increases, however, the sites tend to lose H^ ions, or deprotonate, 
resulting in a net negative surface charge, as shown in Equation 31 :
=S-OH + OH' = S -0  + HoO (31 )
The negatively-charged surface is now more attractive for cation sorption and thus an 
increase in fractional uptake is often observed.
For example, referring again to Figure 13, inspection of Pb(H) sorption at 10'^ M 
Pb(n) clearly shows the fractional uptake of Pb(II) increasing from approximately 10% at
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a low pH o f 3 to a fractional uptake o f essentially 99% at a pH of approximately 10. This 
pH-dependent sorption behavior suggests that the Pb(II) ion is limited to sorption on 
amphoteric surface sites. Internal, permanent-charge, cation exchange sites are 
apparently occupied by other major cations in solution and are inaccessible at a  high ionic 
strength such as that used in this experiment. Formation o f pH-dependent surface 
precipitates is another possible scenario. Consideration of the sorption of 10"̂  M Pb(II) 
reveals a sharp increase in the percent Pb(II) sorbed between pH of 6 and 7. Such an 
abrupt increase in slope is a good indication that Pb(II) surface or bulk precipitates may 
be forming. Unfortunately, however, macroscopic studies alone cannot be used to 
distinguish between different types o f sorption mechanisms. Additional spectroscopic 
experiments would be required to identify the mechanism as absorption, adsorption, or 
surface precipitation and, specifically, whether the ion is binding as an inner- or outer- 
sphere complex.
A cation can associate with a surface as an inner sphere complex or an outer 
sphere complex depending on the type of bond formed and the ability of the ion to lose 
its primary hydration sheath (i.e. the layer o f w ater molecules directly coordinated to any 
dissolved species). Ions that tend to retain their primary hydration sheath during sorption 
are separated from the surface site by a layer o f water molecules :md thus are more 
weakly attached to the mineral surface, forming ion-pair complexes. These types o f 
complexes are commonly referred to as outer sphere complexes. If, on the other hand, 
the ion in solution loses part of its hydration sheath, it can form direct coordination 
complexes equivalent to those formed in solution. These complexes, referred to as inner 
sphere complexes, involve formation of direct coordination bonds with the mineral
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surface. As a result, inner sphere complexes tend to be much stronger than outer sphere 
complexes. The fact that Pb(II) shows considerable sorption at such a high ionic 
strength is indicative that it is most likely forming a strong, inner-sphere complex or a 
surface precipitate. For more information regarding these binding mechanisms, see 
Papelis (1996) and Hayes et al. (1987).
Sorption o f  10'^ to 10"* M Pb(Il) on 1.0 g/L breccia using synthetic groundwater 
(ionic strength = 0.5 M) is shown in Figure 14. Inspection o f this figure shows a sorption 
pattern sim ilar to that o f Pb(H) sorption on the basalt, i.e. fractional uptake is inversely 
proportional to total metal concentration. Likewise, we see that sorption of Pb(II) on the 
breccia follows a sim ilar pH-dependent behavior with percent Pb(ll) sorbed increasing 
from approximately 3% at pH 3 to 98% at pH 10 for the 10'^ M Pb(II) concentration.
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Figure 14. Sorption o f Pb(II) on 1.0 g/L breccia as a function o f total metal concentration.
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This pH-dependent sorption behavior, again, suggests that the internal cation-exchange 
sites are not accessible at the high ionic strength of the synthetic groundwater. Thus, 
Pb(n) sorption on the breccia appears to be the result o f sorption on external, pH- 
dependent surface sites or formation of surface precipitates (Figure 14 reveals a sharp 
increase in slope between pH 7-8 for the 10"* M Pb(II) concentration which most likely 
indicates the formation of bulk or surface precipitates).
It should be noted that, for quality assurance purposes, duplicate experiments 
were run for Pb(H) sorption on both, the basalt and breccia, at all metal concentrations 
and using the synthetic groundwater as the background electrolyte. A comparison of the 
data between both sets of experiments revealed that the results were highly reproducible, 
with typical average relative standard deviations (with respect to percent sorbed) ranging 
between 0.5% to 10% depending on the particular experiment under consideration. The 
detailed results o f the duplicate experiments are included in Appendix I.
For comparison purposes, a plot was made showing the difference in sorption 
behavior of Pb(H) between the basalt and the breccia. Inspection of Figure 15 shows, in 
general, higher sorption on the breccia at all concentrations. This is expected because the 
breccia, having approximately four times the specific surface area o f the basalt a, would 
have a higher number of sorption sites available to which ions could bind.
In order to investigate the sorption behavior o f Pb(II) as a function of ionic 
strength, experiments were conducted using 1x10"* M, 1x10'^ M, and 1x10'*' M Pb(II) in 
0.01 M NaNO]. The procedure used in setting up these experiments was the same as 
previously described except that an appropriate amount of 1 M NaNO^ was added to each 
reactor tube to achieve a final ionic strength of 0.01 M NaNO]. The results of these
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experiments showed that, at lower ionic strength, the same general pattern o f Pb(II) 
sorption was observed, i.e. that fractional uptake decreased with increasing metal 
concentration. This can be seen in Figures 16 and 17, which show Pb(H) sorption on 
basalt and breccia, respectively, in 0.01 M NaNOs as a function of total metal 
concentration. Inspection of Figure 16 reveals that the fractional uptake of 1x10'** M 
Pb(fl) on basalt increases from approximately 20% at a pH of 4 to a maximum o f 97% at 
a pH of around 8. Likewise, the fractional uptake of 1x10^ M Pb(II) on breccia, as seen 
in Figure 17, increases from near 70% at a pH of 4 to a maximum of 99% at a pH 
between 7 and 8.
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More importantly than the fact that the same general sorption pattern is observed 
at lower ionic strength is the difference in Pb(II) sorption at all concentrations between 
the two different ionic strengths. As shown in Figure 18 (sorption of 1x10'^ M Pb(H) on 
1.0 g/L breccia) at the lower ionic strength, the fractional uptake o f Pb(II) is substantially 
higher than at the higher ionic strength o f the synthetic groundwater solution. This same 
phenomenon was seen with respect to Pb(H) sorption at other metal concentrations as 
well. Inspection of the figure also reveals a relatively pH-independent sorption behavior
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for Pb(II) at the lower ionic strength. This pH-independent behavior suggests that the 
Pb(II) cation can successfully compete with the other background cations (such as Na, 
Ca, and K) at this lower ionic strength and preferentially replace the cations located 
within the internal cation exchange sites of the sorbents. For more information on ionic 
strength effects, the reader is referred to Hayes and Leckie (1987) and Hayes et al.
(1987).
Additionally, in all instances, regardless of ionic strength, Pb(II) shows reduced 
sorption at extremely low pH values. The most probable explanation for such behavior is 
that, at these low pH values, the HT̂  ion is present in much larger concentrations than the 
Pb(II) ion (anywhere between 1 to 3 orders of magnitude higher). Thus, Pb(II) has
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Figure 18. Sorption of IxIO'*  ̂M Pb(II) on breccia as a function o f  ionic strength.
increased competition with the fF" ion under these conditions and cannot effectively 
compete for the sorption sites o f the minerals. As the pH of the solution increases, 
however, the fractional uptake o f Pb(II) increases as well due to the decreasing 
concentration of H"̂  in solution.
To obtain an understanding o f how the extent o f metal sorption on each sorbent 
varied with particle size, experiments were performed using Pb(EI) and a slightly larger 
size fraction, i.e. 600-833 p.m. The results o f these experiments, using concentrations 
ranging from 10'^ — 10"* M Pb(II) can be seen in Figures 19 and 20 for the basalt and 
breccia, respectively. Inspection of these figures does show a slight decrease in sorption 
as particle size increases, which is expected as the larger size fractions generally have a
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Figure 19. Comparison of sorption of LO' -̂10"* M Pb(II) on larger and smaller size fractions 
o f basalt.
smaller surface area. Because these size fractions are not very different, however, the 
difference in sorption is not significantly pronounced. Information regarding how the 
extent of sorption varies as a function of particle size is important because, at the actual 
field site, various types and scales of assemblages are present. Typically, as the scale 
increases, the reactivity of these assemblages decreases and it is thus important to keep 
this in mind when modeling solute transport.
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CsfD Sorption
Unlike Pb(H) sorption, Cs(I) sorption on either sorbent was essentially negligible 
in the synthetic groundwater. This behavior indicates that, not only was Cs(I) unable to 
compete effectively with other cations for internal cation exchange sites, but it was 
unable to bind to the amphoteric surface sites as well. Such behavior is somewhat 
expected because Cs(I) is not readily hydrolyzable as is the Pb(II) cation and is thus not 
prone to making strong binding complexes with pH-dependent surface hydroxyl sites. To 
test this hypothesis, the sorption behavior o f Cs(I) was also investigated using a 0.01 M 
NaNOs background electrolyte concentration. Figures 21 and 22 show the fractional
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Figure 21. Sorption of IxlO'^-lxlO"^ M Cs(I) on basait in 0 .0 IM NaNOs.
uptake o f 10'^—10"̂  M (132.9 pg/L to 13,291 pg/L) Cs(I) on 1.0 g/L of basait and breccia, 
respectively, in 0.01 M NaNOs. It can be seen from these figures that Cs(I) sorbs to some 
extent in the lower ionic strength and that fractional uptake is weakly influenced by pH 
except at extremely low pH. At such low pH values Cs(I) is in competition with the H*' 
ion which is present in concentrations 2-3 orders o f magnitude higher. In general, the 
behavior displayed suggests that sorption o f Cs(I) by both sorbents is primarily controlled 
by sorption on cation exchange sites. The dependence of Cs(I) sorption on ionic strength 
is a good indication that it is forming outer-sphere sorption complexes, as expected for an 
alkali metal. Note, also, the slightly higher sorption occurring on the breccia which, 
again, results from this sorbent having the higher specific surface area.
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Comparison of Pb(ll) and Cs(I) Sorption 
The fractional uptake data obtained from the batch equilibrium experiments 
indicate that the Pb(II) cation has a greater affinity for each sorbent compared to the Cs(I) 
cation, regardless of the experimental conditions. Inspection of Figure 23 displays the 
typical response o f the two cations on both sorbents in 0.01 M NaNO; and at a lxlO~* M 
metal concentration. As is shown in the figure, the fractional uptake of Pb(H) is 
substantially greater than that of Cs(I) at these particular experimental conditions. This is 
seen again in Figure 24 which displays the uptake o f the ions on each sorbent at a  lower.
1x10'^ M metal concentration.
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Figure 23. Comparison of 1x10"* M Pb(II) and Cs(f) sorption on basait and breccia in 
O.OlMNaNO].
The sorption behavior o f  each cation changed dramatically when the higher ionic 
strength was used. In this background electrolyte, Cs(I) does not sorb, as is shown in 
Figure 25, which illustrates sorption of both cations on 1.0 g/L breccia in synthetic 
groundwater. As mentioned earlier, Cs(I) is unable to effectively compete for the internal 
ion exchange sites in the high ionic strength, while lead displays a pH-dependent sorption 
behavior. This type o f behavior suggests that Pb(IT) sorption is not controlled by cation 
exchange alone, and is consistent with the formation o f inner-sphere complexes on pIn­
dependent, amphoteric surface-hydroxyl sites or surface or bulk precipitates.
Although the fractional uptake of Pb(II) is greater than Cs(I), similar trends occur 
for the two sorbates. First, as is shown in the figures, the fractional uptake o f each cation
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Figure 24. Comparison of 1x10'® M Pb(II) and Cs(I) sorption on basait and breccia in
0.01 M N aN O j.
increases as total metal concentration decreases. Second, fractional uptake o f each cation 
increases as the total background electrolyte concentration decreases, and finally, the 
extent o f  fractional uptake for each sorbate was greater on the breccia than the basalt.
The fact that Pb(ff) tends to have a greater affinity for the sorbents as compared to 
Cs(I) suggests qualitative differences with respect to the sorption mechanism of the two 
cations, not ju st quantitative. The differences in fractional uptake can partially be 
explained based on the differences in the charge of each cation (monovalent as opposed 
to divalent). It has been stated that the affinity o f a cation for an exchange site is a 
function o f its charge (Knox et al., 1993), i.e. the ion having a greater charge will bind 
stronger. Thus, the fact that Pb(II) shows a greater extent o f sorption compared to Cs(I)
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breccia in synthetic groundwater.
is consistent with the fact that it has the higher charge (Pb(II) being a divalent cation as 
opposed to Cs(I), which is a monovalent cation). It should be noted that the size of a 
cation also has an affect on its sorption affinity as well. Specifically, the smaller the 
radius o f the hydrated ion (which is inversely proportional to the radius of the bare ion), 
the closer it can get to the charged surface site allowing it to bind more strongly. Based 
on this concept, one might expect Cs(I) to bind more strongly than Pb(II) due to the fact 
that it has the larger bare ion radius (1.69Â for Cs(I) compared to 1.20Â for Pb(H)
(Jaffee, 1988)), however, as demonstrated by the sorption data, this was not the case.
One possible explanation for this behavior may be explained by the fact that the charge of
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each cation will have an effect on the hydrated radius, with the higher-charged cation 
resulting in a smaller hydrated radius. Likewise, the difference in sorption behaviors may 
be due to the different reactive chemistries for each cation as discussed below.
It has been stated that the hydrolysis of cations can control important aspects o f 
chemical behavior such as [ad]sorption of the dissolved metal on the surfaces of mineral 
and soil particles (Baes and Mesmer, 1976). Thus, because the tendencies of Pb(Il) and 
Cs(I) to hydrolyze in solution are extremely different, this too can affect the extent to 
which these ions sorb. Compared to Cs(I), Pb(II) has a much higher tendency to 
hydrolyze and is thus capable o f forming a greater number o f aqueous hydrolysis 
complexes. Because the solid mineral surface has ligand^ groups similar to those found 
in solution, Pb(II) is able to form surface complexes with these groups as it does with 
those in aqueous solution.
In conclusion, the partitioning characteristics of Pb(II) and Cs(I) indicate that 
Pb(II) tends to have a greater affinity for sorption compared to Cs(I) under all 
geochemical conditions. This difference in sorption behavior can have profound effects 
on the mobility of both cations in the subsurface system. It appears that even in 
environments of high ionic strength, such as that of the Cannikin site, Pb(II) would be 
highly immobile under all but extremely low pH conditions. Under the same conditions, 
however, Cs(I), forming weak outer-sphere complexes only, would be highly mobile. It 
also appears that a significant number of surface-hydroxyl sites exist on both sorbents 
which accounts for the observed pH-dependent sorption behavior of Pb(II). Finally, the
 ̂A ligand is an anion or neutral molecule than can combine with a cation to form a complex (Langmuir, 
1997).
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observed sorption behavior o f Pb(II) can also be attributed to the formation of surface or 
bulk precipitates.
Isotherm Parameter Estimation and Chemical Spéciation M odeling 
Isotherm Parameter Estimation
As described in Chapter 3, equilibrium sorption isotherms were constructed using 
the experimental sorption data in order to determine partitioning coefficients describing 
the sorption behavior o f the two cations, Pb(H) and Cs(I). The equilibrium data points 
used to construct the isotherms were obtained by hand fitting a best-fit curve to the 
fractional uptake data. Sorption isotherms for Pb(II) contained a minimum of three 
points and were constructed separately for sorption in synthetic groundwater and 0.0 IM 
NaNOs at pH values o f 6, 7, 8, and 9. In all cases, Kj and Kf estimates were obtained by 
a least squares fit through the collected data points.
The calculation o f the distribution coefficients, however, was performed by 
forcing the linear isotherms at each pH through zero. This was done because one of the 
assumptions for the linear isotherm is that when S is zero, C^q must also be zero. Figures 
26-27 show examples o f the linear isotherms for Pb(H) sorption on breccia for the 
aforementioned pH values.
The linear and Freundlich parameters (BQ and Kf, respectively) calculated for 
Pb(II) sorption on the basalt and breccia sorbents as a function of ionic strength are 
presented in Table 7. W ith respect to Pb(H) sorption, several conclusions can be drawn 
by inspection o f Table 7. First, the values of the isotherm parameters vary by orders of 
magnitude, a common phenomenon displayed by pH-dependent sorption behavior. In
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Figure 26. Linear isotherm of Pb(II) sorption on breccia in 0.01 M NaNOs at pH values of 
6, 7, 8, and 9.
general, both FQi and Kr values increase with increasing pH. This is expected because, as 
discussed earlier, an increase in Pb(II) sorption is a result o f increased sorption on the 
amphoteric surface sites or increasing number or size o f surface precipitates, both of 
which are dependent upon pH. Second, the isotherms do not exhibit true linearity as 
concluded by the fact that the Freundlich exponents are not equal to 1, although the 
deviation from 1 is occasionally small. Because of the non-linearity of the isotherms, 
true distribution coefficients cannot be defined for either o f the experimental background 
electrolyte concentrations. Observation o f the table, however, shows that the Freundlich 
exponent comes quite close to 1 in a number o f instances, one of which is at a pH of 9 in 
synthetic groundwater. Because the measured sorbent-solution pH was approximately 9,
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the determined distribution coefficients may very well accurately describe the migration 
o f the Pb(n) ion in this system. Otherwise, the calculated Kf and l/n parameters can be 
used as an indication o f the sorption capacity of the sorbent for the specific geochemical 
conditions at which the equilibrium data points were calculated.
When comparing the partitioning coefficients o f  the two sorbents an additional 
trend can be observed. When using the synthetic groundwater, the K<i values at all pH 
values were higher for the breccia. This is consistent with the higher specific surface area 
o f the breccia. The same general behavior is seen with respect to Kj and Kf values when 
using the lower ionic strength background electrolyte as well. When comparing the Kj 
values of the two sorbents at all pH values, we see that these values are higher for the
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Table 7. Linear and Freundlich isotherm parameters for Pb(II) sorption on basalt and 
breccia.
Background
Electrolyte
pH Sorbent Type Kd
(mVg)
Kf
(g /g)/(g /m ])‘̂ "
1/n
(-)
Synthetic 6.0 Basalt 8.78x10'^ 2.45x10"^ 0.64
G roundw ater Breccia 1.50x10"^ 3.27x10"* 0.70
7.0 Basalt
Breccia
2.44x10']
3.31x10']
9.64x10"*
1.38x10']
1.20
1.20
8.0 Basalt
Breccia
8.83x10']
2.18x10']
4.04x10 ']
1.89x10']
1.06
1.61
9.0 Basalt
Breccia
1.39x10']
3.24x10']
7.60x10']
3 .62x10']
0.91
0.88
0.01 M N aN O j 6.0 Basalt
Breccia
1.00x10']
3.55x10']
3.24x10']
8.09x10']
0.5
0.56
7.0 Basalt
Breccia
3.77x10']
1.01x10']
7.29x10']
1.50x10']
0.63
0.64
8.0 Basalt
Breccia
9.02x10']
1.57x10']
1.21x10']
1.96x10']
0.72
0.69
9.0 Basalt
B reccia
1.90x10']
1.90x10']
2.05x10 ']
1.97x10']
0.89
0.95
breccia sorbent. Again, this is most likely contributed to the fact that the breccia sorbent 
has the higher specific surface area.
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The linear and Freundlich parameters (BQ and Kf, respectively) calculated for 
Cs(I) sorption on the basalt and breccia sorbents in 0.01 M NaNOs are presented in Table
8. The equilibrium data points used to construct the isotherms were also obtained by 
hand fitting a best-fit curve to the fractional uptake data. Sorption isotherms for Cs 
contained a minimum of three points and were constructed for sorption in 0.0 IM NaNO] 
at pH values o f 6, 7, 8, and 9. In all cases, IQ and Kf estimates were obtained by a least 
squares fit through the collected data points, as described earlier.
With respect to Cs(I) sorption, several conclusions can be drawn by inspection of 
Table 8. First, the values of the isotherm parameters do not vary by orders o f magnitude, 
as was the case with Pb(II). This is expected because sorption o f Cs(I) on both sorbents 
showed pH independent behavior as opposed to the pH dependent behavior shown by
Table 8. Linear and Freundlich isotherm parameters for Cs(I) sorption on basalt and breccia.
Background Electrolyte pH Sorbent Type Kd
(m^/g)
Kf
(g/g)(g/m])""
1/n
(-)
1 =  0.01 M N aN O ] 6.0 Basalt
Breccia
2.05x10']
1.12x10"*
5.22x10']
1.90x10"*
0.47
0.82
7.0 Basalt
Breccia
6.34x10']
1.24x10"*
6.94x10']
1.91x10"*
0.73
0.83
8.0 Basalt
Breccia
7.49x10']
1.24x10"*
8.75x10']
1.95x10"*
0.80
0.81
9.0 Basalt
Breccia
4.20x10']
1.37x10"*
8.46x10']
2.05x10"*
0.71
0.82
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Pb(II). In general, the isotherm parameters describing Cs(I) sorption did tend to increase 
with increasing pH, however, this increase was not as pronounced as it was with respect 
to Pb(n) sorption. Inspection o f the table reveals the Kj values for Cs(I) sorption on 
basalt increased from 2.05x10'] to 7.49x10'^ (mVg) from pH 6 to 8, respectively while 
those for sorption on breccia increased from 1.12x10"* to 1.24x10"* (mVg) at the same pH 
values. As was the case with Pb(II) sorption, all values were higher for sorption on 
breccia compared to the basalt. Because it is expected that, at the lower ionic strength 
Cs(I) sorbs primarily to cation exchange sites, it is no surprise that, in general, 
approximately twice the amount o f Cs(I) appears to be sorbing on the material with twice 
the CEC.
It can also be seen that, strictly speaking, the Kf coefficients should be used to 
describe Cs(I) sorption the basalt and breccia since the calculated 1/n values are not equal 
to 1.0. These (Kf) parameters can be used as an indication o f the sorption capacity of 
each sorbent for the specific geochemical conditions at which the equilibrium data points 
were calculated. However, the use o f K^’s may not be completely unwarranted because 
at most pH values the deviation of the 1/n value from 1.0 is not substantial. As BQ is the 
parameter most frequently used by mathematical modelers to assess the movement of 
contaminants in the subsurface environment, the calculated BQ values could at least 
provide a starting point for calculations.
In conclusion, it appears that the Freundlich isotherm best describes Pb(H) and 
Cs(I) sorption under these experimental conditions. With respect to Pb(II), because the 
non-linearity o f the isotherms is not extremely severe at pH 9 (the approximate pH of the 
sorbent) and under conditions most representative o f the field, linear distribution
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coefficients may be acceptable. Likewise, because the non-linearity of the isotherms with 
respect to Cs(f) sorption in 0.01 M NaNOs is not excessive, the distribution coefficients 
determined here could also be used as starting points for modeling calculations. 
Recognition o f the limits of the applicability o f this approach (concentration range and 
other experimental variables), however, is necessary before using the simpler linear 
isotherm, and it is once again noted that using these values beyond the experimental 
conditions can result in significant errors in sorption behavior prediction.
Calculated Retardation Factors based on Pbdl) Sorption
Reactive solutes will be retarded compared to the groundwater owing to sorption 
processes. The relative retardation can be determined by the retardation equation (Fetter, 
1994):
V
V, =  - ^  (32)
where
Vgw = average groundwater velocity (m/day)
Vc = average velocity of contaminant (m/day)
R = retardation factor (-)
The retardation factor is given by:
R = l + ^ K ,  (33)Pb
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where
Pb =  bulk density o f material (g/m^) 
e = porosity of material (-)
fQ = distribution coefficient of the solute (Pb(II)) for the material (m^/g)
Based on the BQ values previously calculated, and the bulk densities and 
porosities that were determined for each sorbent, retardation factors were estimated for 
the Pb(fl) ion. No retardation factors were calculated for Cs(I) because it showed no 
appreciable sorption under batch experimental conditions and thus is expected to have a 
retardation factor o f 1 (i.e. no retardation). The R values for Pb(II) can be seen in Table
9. It should be noted, however, that these values are only estimates of retardation in the 
field as the BQ values that were used are highly dependent on the specific geochemical
Table 9. Retardation factors for the Pb(II) cation in synthetic groundwater at different 
pH values for both basalt and breccia.
pH Sorbent
(m^/g)
R
(based on Kj)
6 Basalt 8.78x10'] 1,618
Breccia 1.50x10"* 2,294
7 Basalt 2.44x10'] 44,938
Breccia 3.31x10'] 50,597
8 Basalt 8.83x10'] 162,620
Breccia 2.18x10'] 333,230
9 Basalt 1.39x10'] 255,993
Breccia 3.24x10'] 495,258
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conditions at which the fractional uptake data were obtained (i.e. the solid concentration, 
metal concentration, ionic strength). Consequently, true retardation factors in the actual 
subsurface environment may differ significantly from those reported here.
Chemical Spéciation Modeling of Pb(II) and Cs(I)
To provide some insight to the types of Pb and Cs species formed in solution, the 
geochemical program MESTEQL'  ̂(Schecher and McAvoy, 1994) was employed to 
determine the theoretical spéciation o f Pb(II) and Cs(I) in the groundwater at the 
Cannikin Test Site as well as in the 0.01 M NaNOg solution that was used. The term 
spéciation is defined by Stumm and Morgan (1996) as the particular chemical form in 
which an element exists in water. An element can be present in water as a simple 
hydrated ion, as a molecule, as a complex with another ion or molecule, and so forth 
(Stumm and Morgan, 1996). For example, Pb in aqueous solution can conceivably exist 
as one or more of the species: Pb"^ (aq), PbCO], PbOH^, PbCF, or as other organic 
complexes, polymers, etc. Thus, it is important to have an idea of the types of species 
that could possibly be encountered under different chemical conditions in order to obtain 
a better understanding o f their distribution in the system under consideration.
When running the MINEQL^ model, all calculations were made assuming the 
system was closed to the atmosphere, i.e. no COo(g) exchange. The results of the 
analyses were able to help identify which, if any, precipitates would be likely to form in 
the groundwater at the Cannikin Test Site or in the batch equilibrium reactors. It should 
be noted, however, that the formation of a precipitate at concentrations not exceeding the
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solubility constant of a given phase is thermodynamically feasible because of the 
presence o f the sorbent which acts as a nucléation site (Sposito, 1986).
Using the groundwater composition listed in Table 6 and a Pb concentration of 
LOxlO^ M, the spéciation o f Pb(II) can be seen in Figure 28. Inspection of the figure 
reveals that, under the experimental conditions, six predominant Pb(II) aqueous species 
would exist: Pb"^’ PbClo®, PbCF, PbCb', PbCU"', PbS0 4 °, and PbCOs". At all pH 
values, it appears that lead-chloride complexes are predominant. Above pH of 
approximately 6, however, Pb precipitates as the solid phosgenite (Pb^CFCCOs)) at pH 
between 6.5 and 7, cerrusite (PbCOs) at pH between 7 and 8, and Pb(OH )2 at pH’s above 
8. Above this pH, Pb(OH)2(s) becomes the predominant Pb(II) solid phase accounting
-12 PbCL--
•©- PbCO
^  PbSO 0-14
Total Pb(II) (aq)
-16
10 113 4 5 6 7 8 9
pH
Figure 28. Spéciation modeling of l.OxlO'^M Pb(II) in synthetic groundwater.
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for almost 100% o f the total Pb. The formation o f these precipitates results in the 
decrease o f the total aqueous Pb(II) concentration with increasing pH as can be seen in 
the figure.
The spéciation of Pb(II) was also modeled using a total concentration of 1x10'^ M 
Pb(II), the lowest metal concentration used in these studies. Inspection of Figure 29 
shows that the same six Pb(II) species were predominant, namely Pb"^' PbCF”, PbCF, 
PbCb", PbCU"', and PbS0 4 °. Two other species, PbOtF" and PbCO]", were also present 
but only in minimal concentrations. Similar to the case with the higher Pb(II) 
concentration, the predominant Pb(II) aqueous species at and below pH 8.8 appears to be
g  — ■ 2 2 Pb(OH)9
PbOH
PbCL "
PbCP
 PbCL :
PbCO,"
PbSO.o
Total Pb(II) aq
Figure 29. Spéciation modeling of 1x10'^ M Pb(II) in synthetic groundwater.
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PbCl'*' with PbCh" the second most dominant. Above this pH, PbOH^ becomes the 
dominant aqueous species. The precipitate formed above pH 7.4 is Pb(OH)2(s).
Chemical spéciation modeling was also performed at two different metal cation 
concentrations in the lower background electrolyte ionic strength as well. As with the 
previous situation, a system closed to the atmosphere was assumed. This is, obviously, a 
simplification as no special precautions were taken to exclude COzCg) when preparing the 
experimental reactors. The results o f the analysis using 1x10“̂  M Pb(II) and 0.01 M 
NaNOs can be seen in Figure 30. Inspection o f the figure shows three predominant 
Pb(II)(aq) species, namely Pb"% P b O If , and PbNO]^ The figure also reveals that the
Pb(OH)
Pb
PbOH+
PbNO  ̂+
Total Pb(II) (aq)
-14
-16
3 4 65 9 107 8
pH
Figure 30. Spéciation modeling o f Ix lfi^  M Pb(II) in 0.01 M NaNO;.
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dominant species at and below a pH o f approximately 7.8 is Pb'^. At higher pH values, 
PbOH^ becomes the dominant Pb(II) aqueous species present. The precipitate formed 
above pH 6 is Pb(OH)2(s).
Running the analysis again with a IxIO'® M Pb(II) concentration yielded the 
results shown in Figure 31. The situation looks almost exactly like that described above,
i.e. the predominant Pb(ll)(aq) species are Pb^% PbOFT, and PhNOs"^. Inspection o f the 
figure, however, reveals that the precipitation of Pb(OH)%(s) would not occur until a pH 
o f approximately 7 rather than 6 as was the case with the higher metal concentration.
The chemical spéciation o f Cs(I) was also modeled using two metal 
concentrations and at both background electrolytes. Unlike Pb(II), however, Cs(I) did
0
.9
4
6
Pb(OH)
10
-12
PbOH+
PbNO, +
Total Pb (II) (aq)
-14
-16
3 654 7 8 109
pH
Figure 31. Spéciation modeling of 1x10'^ M Pb(II) in 0.01 M NaNO^.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
90
not form a large number o f complexes in any case. Actually, the only complex formed in 
the synthetic groundwater was CsCl. The dominant species, regardless o f metal 
concentration or pH, however, was Cs(I). No complexes were formed at the lower ionic 
strength.
In conclusion, the spéciation of Pb(U) and Cs(I) was modeled at two different 
metal cation concentrations and using two different background electrolytes (ionic 
strengths). With respect to Pb(II), the results of the modeling indicate that precipitation 
of Pb(EI) would occur at both metal concentrations and in both, the synthetic groundwater 
and the 0.01 M NaNOg background electrolyte. The pH at which this precipitation 
occurs, however, is a function of pH, solution composition, and total metal concentration. 
It is important to keep in mind that, although precipitation is possible, macroscopic 
experiments alone cannot distinguish between sorption of the cation and precipitation of a 
solid phase. Likewise, it should be kept in mind that precipitates could form at pH values 
lower than those shown in these analyses because of the presence of the solid material, 
which could act as a nucléation site.
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CHAPTER 5
DIFFUSION OF Br , Pb(II), AND Cs(I) THROUGH 
CANNIKIN TEST SITE CORE SAMPLES 
The following section discusses the results o f the diffusion experiments 
performed with the Cannikin Test Site core samples. A brief introduction is presented 
first, followed by the experimental results and calculations o f diffusion coefficients using 
the Br' tracer. Experimental results and calculations of diffusion coefficients for Pb(II) 
and Cs(I) are presented subsequently.
Diffusion Parameter Estimation 
Diffusion experiments were conducted using intact pieces o f the core samples and 
either a sodium bromide (NaBr), lead nitrate (PblNOs):) or cesium nitrate (C S N O 3 )  
tracer. The purpose of these experiments was to determine effective and apparent 
diffusion coefficients and to gain an understanding of the extent of retardation that can be 
attributed matrix diffusion in addition to sorption. It is known that, in addition to 
sorption onto mineral surfaces, diffusion of solutes in the pores of the rock matrix is an 
important process leading to the retardation of radionuclide transport through the 
geosphere (Yamaguchi et al., 1997). Likewise, the combination of the two processes, i.e. 
diffusion within the porous matrix followed by sorption onto mineral surfaces, can have a 
synergistic effect leading to a greater extent o f retardation compared to either process in
91
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itself. Thus, it is important to take diffusion into account so that an accurate estimation of 
the migration of ions can be attained.
Specifically, the objective o f performing the diffusion experiments was to arrive 
at values describing the diffusion o f Br’, Pb(II), o r Cs(I) ions through the core samples, 
including effective and apparent diffusion coefficients and tortuosities. The results o f 
these diffusion experiments are presented below.
Diffusion o f Br’, Pb(II), and Cs(I) through Basalt and Breccia 
Bromide Diffusion
As described earlier, two different experimental setups were used to measure the 
diffusion of Br’ through the basalt and breccia core samples. The results o f  each method, 
presented below, show that diffusion through the basalt occurs faster than through the 
breccia.
Diffusion of Br’ out o f each core sample using method 1 (diffusion from a core) 
can be seen in Figure 32. As expected, the concentration of Br’ in the reservoir increases 
with time as more Br diffuses out o f the core. Inspection of the figure, however, shows 
that the increase in Br’ concentration for basalt occurs at a faster rate than that for the 
breccia, indicating that the Br’ diffuses out o f the basalt more quickly. This is somewhat 
expected as the basalt has a larger average pore size compared to the breccia, thereby 
allowing ions to diffuse through the pore paths more easily.
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Figure 32. Diffusion o f Br out of basalt and breccia cores as a function o f time.
To estimate the diffusion coefficients for Br' using method 1, a plot o f 
concentration (mg/L) versus square root o f time was constructed. From this plot, the 
slope of the best-fit line as determined from regression analysis was then used to 
determine the Dgff as described by Equation 21. Figure 33 shows these plots for each 
sorbent as well as the corresponding equations o f the best-fit lines.
It should be noted that the solution used to determine the Derr for this method (as 
described earlier in this chapter) assumes a semi-infinite medium, i.e. a core sample 
infinitely long above the core-water interface. This obviously unattainable boundary 
condition is equivalent to a requirement that the concentration at the end o f the core does
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Figure 33. Plot o f experimental results and linear regression line for Br diffusion out of 
basalt and breccia core samples 1method 1).
14.000
not change with time (i.e. C = Co at x =°o). This requirement is met if such a 
combination o f length and experiment duration is used so that the concentration of tracer 
at the far end of the sample is not extensively reduced (Tyler, personal communication). 
Because 2 cm core samples were used in the experiments, it was required that an 
appropriate duration be determined such that the boundary conditions were satisfied.
The necessary duration, assuming that only a small (<1 percent) change in solute 
concentration was acceptable at the far end of the column, can be determined by 
rearranging Equation 13 (fCranz, 1994; Tyler, personal communication):
t  <
X ( e r f  (0.99)) 
2 ^
(3 4 )
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Based on results from the diffusion experiments, preliminary values o f Derr were entered 
into the above equation in an iterative process until there was no change in required 
duration. This methodology can be seen schematically in Figure 34. It was determined 
that, in order to satisfy the boundary conditions and the assumption o f semi-infinite 
medium, the basalt required a  duration less than or equal to 1 day and the breccia less 
than or equal to 7 days.
Assume an 
initial value for 
D^ffand time
Enter into 
Eq. 27 to obtain 
time required
Obtain new time 
Is it the same as 
that assumed?
No
Determine slope 
of C vs. t for new 
time and 
calculate new Deff
Yes
STOP
use this 
value
Figure 34. Flow chart showing iterative process used to determine duration required to 
satisfy boundary conditions for solution to the general diffusion equation (method 1).
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An additional experimental design parameter necessary to adhere to the boundary 
conditions is the ratio o f the core area to the reservoir volume (Acoru/Vn-s). In order to 
ensure the boundary conditions are not violated, the concentration of tracer in the 
reservoir solution must be kept small compared to the concentration of tracer in the core. 
In this study, a AcoreAfres ratio was chosen such that, at the end o f the experiment the 
value of C[cs/Co was <1 percent. In order to determine the maximum ratio o f core cross- 
sectional area to reservoir volume. Equation 19 was solved for Acoæ/Vres giving:
(35)
-1 /2
t - I / 2
V». 2 I Co J 7C
or
1-1/2
-̂1/2t - ' ^  (36)
Based on the final Derr values (see discussion below), porosities of 0.12 and 0.14 
for the basalt and breccia, respectively, and the appropriate experiment durations as 
determined above, the maximum ratios o f core cross-sectional area to reservoir volume 
were calculated as 9.6 m’’ for the basalt and 7.4 m ' for the breccia. These values were 
much larger than the actual ratios used in the experiments, which were 0.58 m ' and 0.72 
m*‘ for the basalt and the breccia, respectively.
The resulting diffusion coefficients calculated for each sorbent are listed in Table 
10. From the table, it can be seen that the diffusion coefficient for basalt 
(6.79x10''° m"/s) is higher than that for the breccia (1.22x10''° m~/s), consistent with 
faster diffusion through the basalt. Likewise, being inversely related to the Deff, the 
tortuosity for the basalt (2.39) is lower compared to the breccia (13.28) indicating that the 
Br' ion has to travel a longer, more tortuous path through the breccia. This, again, is
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Table 10. Diffusion parameters for Br diffusion through basalt and breccia.
Method Sorbent Diffusion Coefficient 
m“/s
Tortuosity
1 Basalt 6.79x10''° 2.39
Breccia 1.22x10''° 13.28
2 Basalt 5.93x10'" 27.40
Breccia 2.61x10'" 62.19
Dmoi= 1.63x10'^ m"/s
consistent with the fact that the breccia has the smaller pore sizes, which would tend to 
constrict the movement o f the ion as it traveled through the material. It is thus expected 
that, on average, a diffusing Br ion would take longer to travel through the breccia 
compared to the basalt.
It should be noted that, for quality assurance purposes, these experiments were 
conducted in duplicate. With respect to the basalt, the results of the second experiment 
were relatively close to those o f the first, with calculated diffusion coefficients varying 
only by about a factor of 1.5. W ith respect to the breccia, however the duplicate 
experiment resulted in a diffusion coefficient that was approximately five times greater 
than the one calculated in the first experiment. The differences in values between 
experiments can most likely be contributed to the heterogeneous nature of the solid and 
the fact that two different samples were used. Previous work has shown that, differences 
in diffusion will be seen when different samples are used, even if  they are performed 
using the same material. This is most likely due to differences in mineral composition.
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grain sizes, porosity or other mineral properties inherent to the material itself (Skagius 
and Neretnieks, 1982). The detailed results of each of these duplicate experiments are 
included in Appendix H.
When using the second experimental method, it was necessary to construct a  plot 
o f the total amount of diffusing ion, which had passed through the slab at a certain time, 
Q, versus time in order to determine the Deff. These plots can be seen in Figure 35 for 
both, the basalt and breccia and the corresponding Deff values listed in Table 10. Again, 
the figure shows that diffusion o f the Br through the basalt sample is faster than through 
the breccia sample with resulting diffusion coefficients being 5.93x10'“ m”/s for the
5.0x10'
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•  Breccia
4.5x10'
4.0x10'
3.5x10' f(x) = 3.050E-3*x + 3.219E-1 
R''2=9.911E-1
3.0x10'
f=
I  2.5x10' 
a
2.0x10'
1.5x10'
f(x) = 1.568E-3*x + 2.756E-1 
R̂ 2̂ = 9.574E-11.0x10'
5.0x10"
0.0x10'
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Time (hours)
Figure 35. Plot of experimental results and linear regression line for Br diffusion 
through basalt and breccia core samples (method 2).
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basalt and 2.61x10"' ' m~/s for the breccia. These results are consistent with those from 
method 1 in that diffusion occurs faster through the basalt, however the values o f the 
diffusion coefficients themselves differ by an order o f magnitude.
When comparing the values o f the diffusion coefficients between methods, those 
for method 1, diffusion from a core, tend to be much faster overall compared to those for 
method 2, diffusion through a porous slab. The explanation for this general behavior is 
most likely due to the differences in experimental setup. In method 1, the core sample is 
raised above the reservoir solution with only one surface being in contact with the 
reservoir. Having the sample raised in this manner may introduce a head gradient that is 
not present in the second experimental setup where the samples are placed between two 
reservoirs o f equal volume. This additional (head) gradient introduced in method 1 may 
be responsible for the faster tracer movement.
Another difference between experimental setups that may be responsible for the 
differences in results is the composition of the background solutions. In method I, the 
core had been saturated in a solution o f NaBr prepared using the synthetic groundwater, 
however, the underlying solution into which Br" diffused was NANOpure™ water. In 
method 2, both the measurement and tracer solutions were made using the synthetic 
groundwater. Thus, with respect to the first method, the differences in composition 
between the two fluids may have resulted in an additional density gradient that was not 
present in the second experimental setup. Although previous work has shown relatively 
little difference in results when using both, synthetic groundwater and distilled water, as 
background solutions (Skagius and Neretnieks, 1982), the possibility that this density
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gradient could have an affect on the resulting values o f the diffusion coefficients cannot 
be overlooked.
As previously discussed, the Br' diffusion data from method 2 were modeled 
using a second analytical solution adopted by Skagius and Neretnieks (1982). The results 
o f this analysis are listed in Table 11. Comparing these results to those listed in Table 10 
for method 2, it is revealed that the values are in good agreement with each other 
suggesting no significant difference between analytical solutions.
Table 11. Bromide diffusion coefficients calculated using alternate solution (method 2)
Sorbent Derr %
(m"/s)
Basalt 6.36x10'" 25.62
Breccia 3.00x10'" 54.33
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Lead Diffusion
Because the batch experiments showed Pb(II) to be strongly binding, it was 
expected that possible sorption irreversibility would not allow for the determination of 
diffusion coefficients using experimental method 1, diffusion from a core. Thus, an 
indirect approach was used to determine the apparent diffusion coefficients for Pb(II) 
using the data provided from the equilibrium sorption experiments and the diffusion 
experiments with Br". As described in the Diffusion Parameter Estimation section o f  this 
chapter, it was possible to estimate an apparent diffusion coefficient for Pb(II) through 
the use o f Equation 12. It is important to note that, because each Kj value calculated for 
Pb(II) is dependent upon pH, the resulting Dapp values are pH-specific as well. The 
results o f  the calculations are presented in Table 12.
Table 12. Estimated Dapp values for Pb(II) diffusion through basalt and breccia (diffusion 
from a core).
Sorbent pH Kd
(m^/kg)
% Dapp
(mVs)
Basalt 6.0 0.0878 2.39 3.68x10"'^
Breccia 0.15 13.28 4.67x10'"
Basalt 7.0 2.44 2.39 1.32x10'"
Breccia 3.31 13.28 2.12x10'"'
Basalt 8.0 8.83 2.39 3.66x10'"
Breccia 21.8 13.28 3.21x10'"
Basalt 9.0 13.9 2.39 2.32x10'"
Breccia 32.4 13.28 2.16x10'"
Dmol = 1.422x10'^ m~/s
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As can be seen from the table, Dapp values ranged from 2.32x10'" m“/s to 
3.68x10'" m"/s for the basalt and from 2.16x10'" m"/s to 4 .67x10 '" mVs for the breccia, 
depending on pH. From these data, we can conclude that Pb(EI) in solution would travel 
faster through the basalt than through the breccia. The fact that Pb(II) travels slower 
through the breccia is consistent with the equilibrium sorption results which showed 
Pb(II) sorption to be higher on the breccia at least partly as a result o f this material having 
the higher surface area. Additionally, a close inspection o f the table reveals that in either 
case as the pH increases, the Dapp decreases indicating that Pb(II) is moving slower. This 
is consistent with the sorption experiments, which show Pb(II) to be strongly binding at 
higher pH values. Thus, as the pH of the system increases, the ability of Pb(II) to diffuse 
is hindered by its strong tendency to sorb on to the mineral surface sites or its tendency to 
form precipitates.
Apparent diffusion coefficients for Pb(II) were also derived using the Br D f̂f 
values resulting from the second experimental setup (method 2). As can be seen in Table 
13, the same general trend is observed in that Pb(II) diffusion appears to be faster through 
the bcisalt than the breccia, with the values in either case decreasing with increasing pH.
As was the case with the Br' tracer, however, the values of the diffusion coefficients are 
approximately an order o f magnitude greater than those calculated based on experimental 
method 1.
To test the accuracy o f these indirectly-derived Dapp values for Pb(II), an 
experiment was conducted using the second experimental method, diffusion through a 
porous slab as described in Chapter 3, and an initial Pb(I3) concentration of 1.0x10'^ M 
Pb(N0 3 )2. Because previous calculations showed that more than 1.0x10'^ M Pb(II)
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Table 13. Estimated Dapp values for Pb(II) diffusion through basait and breccia (diffusion 
through a slab).
Sorbent pH Kd
(m^/kg)
X Dapp
(m '/s)
Basalt 6.0 0.0878 27.40 3 .21x10 '"
Breccia 0.15 62.19 9 .97x10 '"
Basalt 7.0 2.44 27.40 1.15x10'"
Breccia 3.31 62.19 4 .52x10 '"
Basalt 8.0 !L83 27.40 3 .19x10 '"
Breccia 21.8 62.19 6.86x10 '"
Basalt 9.0 13.9 27.40 2 .03x10 '"
Breccia 32.4 62.19 4 .62x10 '"
D mol — 1-422x10''^ m~/s
could theoretically be exchanged with each sorbent using a solid concentration o f 1.0 g/L 
(Chapter 3), it was believed that, in this experiment (where the solid concentration was 
approximately 50 g/L), no measurable increases in Pb(II) concentrations would appear in 
the measurement cell. The experiment would, however, yield valuable uptake data that 
could then be used to determine an apparent diffusion coefficient. As expected, no 
detectable increases in Pb(H) concentrations were found in either the basalt or breccia 
measurement cell after 110 days, although the Pb(II) concentrations in the tracer cells 
showed significant decreases with time. Figure 36 shows these decreases for both solids.
The uptake of Pb(H), as shown in Figure 36, was modeled as a diffusion process 
using a diffusion limited sorption model adapted by Gary Curtis, USGS, Menlo Park.
This was done to obtain a better understanding o f Pb(II) diffusion and to compare the 
indirectly-derived values o f the Pb(II) apparent diffusion coefficients with values
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Figure 36. Plot o f Pb(II) uptake with time on basalt and breccia.
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calculated based on experimental uptake data. In this model, ion diffusion in the porous 
particle is assumed to follow Fick’s second law of diffusion which assumes diffusion into 
spherical aggregates in a well-stirred reactor o f limited volume and fixed initial solute 
concentration, diffusion only in the aqueous phase, and a Freundlich sorption isotherm. 
The mass balance o f such a system is written as follows for a radial coordinate system 
(Fuller et al., 1993):
ac(r) ,  ̂ as(r) 1 ^ r3-C(r) , 2aC(r) ^+ s.. ——  =D f̂f — . ■ +
at at ar" rar
where
E = porosity o f the sorbent
(3 7 )
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C(r) = concentration o f metal in the aqueous phase in the pore fluid at rad in I 
distance, r
Sa = surface area of sorbent per unit volume o f aggregate 
Deff = effective diffusion coefficient
The Freundlich isotherm used in this model is the same as described in Chapter 4, defined 
as:
SKr) =  K^C%;" (38)
where S(r) is in units o f jimol per unit surface area. Substituting equation 38 for S(r) in 
Equation 37, applying the chain rule, and rearranging. Equation 37 becomes:
^ s -----------------)ac(r) _ _ rac(r) . 29C(r) ^
—  ue — ^K,.C(r) 
n 3t 3r- r9r
(39)
The nonlinear partitioning terms require a numerical solution, which can be 
obtained by a finite difference algorithm (Bemot, 1999). The algorithm iterates until a 
minimum is reached in the sum of the square of the difference between the 
experimental data and model predicted values. The %" value can be used as an indicator 
o f  the quality of model fits to a specific data set (Fuller et al., 1993).
There are five adjustable parameters in the model: Deff/a" (where a = the diameter 
o f  the particle, in this case the thickness of the slab) and e for diffusion-limited sites, and 
the isotherm parameters Kf, 1/n, and Feq (the fraction of total sites that are always in 
equilibrium with the aqueous solution, corresponding to instantaneous sorption). The 
initial values for the Kf, and 1/n were taken from the results o f the batch experiments at 
pH=8 (this is the closest to the actual pH of the solutions used in the diffusion 
experiments which had a pH of about 7.7); the Feq parameter was assumed an initial value
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of 0.0005 (unitless); e was always held constant at 0.12 (basalt) or 0.14 (breccia); and the 
Deff/a" parameter was always allowed to be fitted by the model. Using the final model 
output values for the Derr, apparent diffusion coefficients could then be calculated using:
---------- T (40)
1 + ^
e n
where
Deff = effective diffusion coefficient (m"/s)
Dapp = apparent diffusion coefficient (m"/s)
Pb =  bulk density (g/m^) 
e = porosity (-)
Kf =  Freundlich constant ((g/g)/(g/m^)‘''")
1/n =  Freundlich isotherm exponent (-)
Cw =  aqueous solute concentration (g/m^)
The resulting Dapp values were compared to those listed in Table 13. O ther model 
input parameters included the concentration o f the sorbent, molecular weight (as 
estimated from the mineralogical composition), envelope (bulk) density, specific surface 
area, initial concentration of metal (Pb) in solution, and initial concentration o f metal in 
the particle. The values for both the basalt and breccia sorbents used to run the model 
can be seen in Table 14. For more information on the model, its parameters, and its 
limitations the reader is referred to Bemot (1999) and Fuller et al. ( 1993).
The results of the diffusion modeling of Pb(II) uptake by the basalt and breccia 
from the Cannikin Test Site are shown in Figure 37. Inspection of the figure reveals that 
the model results did not agree well with the observed data and that the derived values of 
the effective diffusion coefficients are extremely large, specifically 3 .16x l0" m"/s for the
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Table 14. Values o f input parameters used in the pore diffusion model.
Parameter Sorbent Input Value
Sorbent concentration (mol/L) Basalt 1.60x10"'
Breccia 2.13x10"'
Molecular weight (g/mol) Basalt 349.51
Breccia 255.3
Envelope (bulk) density (g/mL) Basalt 2.21
Breccia 2.14
Specific surface area (m“/g) Basalt 2.0371
Breccia 9.1872
Initial metal concentration in solution (fJ.mol/L) Basalt 1.0
Breccia 1.0
Initial metal concentration in particle (p.mol/L) Basalt 1.0x10"'°
Breccia 1.0x10"'°
basalt and 4.42x10 "  m“/s for the breccia. These values are about six orders o f magnitude 
larger than expected based on the effective diffusion coefficients calculated using the Br 
tracer.
Using the effective diffusion coefficients given by the model, apparent diffusion 
coefficients were determined using Equation 40 (note: only the initial solute 
concentration was used to calculate the Dapp in this case, i.e. C«, = 0.2072 g/m^). The 
resulting values can be seen in Table 15. As can be seen from the table, the Dapp values 
calculated by the model were much larger than those found in Table 13 (which used the 
results from the Br" experiments and Kd values from batch experiments to determine Dapp 
values for Pb(II) diffusion). For comparison purposes, the table also shows Dapp values
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Figure 37. The fit o f Pb(II) uptake data by the diffusion model as a function o f time and 
sorbent.
calculated using the Br' data and Kf values to describe Pb(II) sorption rather than the Kd 
values. This was done because the diffusion model is using the Freundlich constant, not 
the linear distribution coefficient.
The fact that the diffusivities calculated by the model are much higher, not only 
than the diffusivities calculated using the Br' data, but than the molecular diffusion 
coefficients calculated for Pb(II) diffusion through each sorbent as well, suggest that 
Pb(ll) is supposedly moving through the sorbents faster than it moves through a purely 
aqueous solution. This process could potentially be explained by surface diffusion, but it 
is most likely caused by surface precipitation and sorption to amphoteric surface sites
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Table 15. Comparison of estimated Deff and Dapp values based on diffusion experiments 
with Br and the pore diffusion model.
Sorbent Method
Used
Deff
m"/s
Dapp
m"/s
Dapp-Kf
m“/s
Basalt model-based 
Br -based
3.16x10'^
5.93x10'"
not calculated 
3.19x10''®
4.40x10''°
8.26x10'®
Breccia model-based 
Br -based
4.42x10'^
2.61x10'"
not calculated 
6.86x10''''
2.48x10'*°
1.46x10'*®
combined with diffusion (Bemot, 1999). The model, however, is trying to fit the data 
using a purely diffusional process and hence computes Deff values that are unrealistically 
high. It should also be kept in mind that the model assumes diffusion into spherical 
particles and in the actual experiment, a large slab was used. This, too, may contribute to 
the anomalous results, although it would not account for the several-orders-of-magnitude 
differences observed.
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Cesium Diffusion
As previously mentioned, because Cs(I) showed no appreciable sorption in the 
batch experiments when using synthetic groundwater, only effective diffusion 
coefficients were calculated using the tortuosities derived from the Br diffusion 
experiments and Equation 11. The results of these calculations can be seen in Table 16. 
Inspection of the table shows that Cs(I) is expected to travel more quickly through the 
basalt than through the breccia, regardless o f method, for the same reasons as stated 
earlier in the discussion regarding diffusion of Br' through the samples. It should be 
noted that the values reported in Table 16 are in relatively good agreement with previous 
work conducted on Cs(I) diffusion through crystalline rocks. Skagius et al. ( 1982) 
studied the diffusion of cesium in crushed granite and found the effective diffusivity to be 
on the order o f 10 ''” to 10'" m”/s.
Table 16. Estimated Deff values for Cs diffusion through basalt and breccia.
Method Used Sorbent Type Diffusion Coefficient 
(m”/s)
Tortuosity
1 Basalt 8.28x10''° 2.39
Breccia 1.49x10'° 13.28
2 Basalt 7.23x10'" 27.40
Breccia 3.18x10'" 62.19
Note: D ,„„i = 1.98x10 '^ m~/s
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As with Pb(H), experiments using method 2 and both sorbents were conducted 
with Cs(I) in order to compare the indirectly-derived Deff values with ones derived from 
experimental diffusion data. The results o f these experiments can be seen in Figure 38. 
Because Cs(I) was expected to act as a non-sorbing species, it was believed that Cs(I) 
would diffuse similarly to the nonsorbing solute, Br (i.e. after a time, a Deff could be 
calculated using breakthrough concentrations measured in the measurement cell). After 
85 days, however, no measurable concentration increase was detected in the 
measurement cell. The only possible explanation for the apparent Cs(I) retardation is 
sorption.
1600
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A
□
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I = Synthetic GW
■  Basalt measurement 
□ Basalt tracer 
▲ Breccia measurement 
A Breccia tracer
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A
□
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A
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Figure 38. Plot o f experimental data showing the amount o f Cs(I) in the measurement and 
tracer cells with time.
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To test this hypothesis, a batch experiment was conducted using 1x10'^ M Cs(I) and the 
synthetic groundwater. Because the concentration o f soil in the diffusion experiment 
(using the slab) was estimated to be approximately 50 g/L, this hypothesis was used in 
the experiment. The results o f this experiment confirmed the belief that sorption was 
occurring, specifically, it showed approximately 35% sorption on breccia and 15% 
sorption on basalt. Based on these sorption percentages, a one-point IQ was calculated 
and used to determine a retardation factor. The corresponding retardation values were 
166 for the breccia and 66 for the basalt. Although these values are not as large as those 
calculated for Pb(II), they could easily explain the observed Cs(I) retardation. Likewise, 
note that the last sample for this experiment was taken at 85 days. Similar experiments 
conducted with Cs and biotite gneiss showed no measurable Cs concentration in the 
measurement cell until well after 100 days (Skagius and Neretnieks, 1988).
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Comparison of Br', Pb(II), and Cs(I) Diffusion 
Diffusion experiments were carried out on basalt and breccia using Br', Pb(II), 
and Cs(I) and two different experimental methods: diffusion from a core (method 1) and 
diffusion through a porous slab (method 2). Effective or apparent diffusion coefficients 
were determined for each element. With respect to the two materials used, solute 
diffusion through the breccia appeared to be slower than through the basalt. Diffusion 
through the basalt (based on the batch equilibrium sorption data using a solid 
concentration o f 1 g/L and data from the diffusion experiments with Br') revealed that 
Cs(I) appeared to diffuse the fastest, having the highest Deff values, which ranged from 
8.28x10''° (method 2) to 7.23x10'" mVs (method 1). Br followed with Deff values 
ranging from 5.93x10'' ' (method 2) to 6.79x10''° m”/s (method 2). It is important to keep 
in mind, however, that these results are based on the assumption that Cs(I) behaves as a 
nonreactive solute. Under this assumption, the differences in calculated Deff values 
between Cs(I) and Br' are only due to differences in the molecular diffusivities of the two 
ions. The only “reactive” solute, based on the batch experiments at the high ionic 
strength, appeared to be Pb(II). Thus it is no surprise that this element was found to 
diffuse the slowest, having Dapp values ranging from 2.03x10''^ (method 2) to 3.68x10''^ 
m”/s (method 1), depending on pH.
With respect to diffusion through the breccia, Cs(l) remained the fastest-moving 
solute having Deff values that ranged from 3.18x10'' ' (method 2) to 1.49x10''° m“/s 
(method 1). Br' followed with Deff values ranging from 2.61x10'" (method 2) to 
1.22x10 '° m"/s (method 2), and Pb(II) appeared to be, again, the slowest-moving solute 
with Dapp values ranging from 4.62x10''^ (method 2) to 4.67x10''"'^ m~/s (method 1),
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
depending on pH. The fact that Pb(H) appeared to have the slowest diffusion is explained 
best by the fact that it was the only solute that was able to sorb on to the mineral surfaces 
under field conditions, as demonstrated by its high FQ values. Thus, as it diffused into 
and through the pore paths o f both solids, it was further retarded from migration due to its 
sorption capabilities, which the other two solutes did not possess. It should be kept in 
mind, however, that Cs(I) was shown to have some degree o f sorption under high ionic 
strengths when higher (50 g/L) soil concentrations were used. Thus, under field 
conditions, where the soil/water ratio is much higher than 1 g/L, it was shown that Cs(I) 
sorbs and assuming a nonreactive behavior may therefore result in an overestimation of 
its migration with time.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH 
Experiments were conducted with Cannikin Test Site basalt and breccia samples 
to determine the extent o f contaminant retardation that would occur due to diffusion of 
reactive and nonreactive solutes into and through the rock matrix. Bromide was chosen 
as the nonreactive solute; Pb(II) and Cs(I) were chosen as the reactive solutes because 
they have different reactive characteristics and because they may be found at the site as 
by-products o f the underground nuclear test conducted in November, 1971. Because 
retardation, due to sorption, was expected to affect the diffusion of the reactive solutes, 
batch equilibrium sorption experiments were conducted using Pb(II) and Cs(I) to 
determine partitioning coefficients for these solutes. The following chapter discusses the 
conclusions of this research and presents recommendations for further research.
Conclusions
Several conclusions can be drawn from the results o f the batch equilibrium 
experiments. First, it can be concluded that, when using a soil concentration of 1 g/L and 
a high ionic strength background electrolyte (such as that o f the synthetic groundwater), 
both, the Pb(n) and Cs(I) ions are excluded from the internal cation-exchange sites o f the 
sorbents. This is evidenced in the fact that Cs(I) showed essentially no sorption at this
115
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high background electrolyte concentration, while Pb(II) showed a pH-dependent sorption 
behavior with fractional uptake increasing with increasing pH. The pH-dependent 
sorption behavior o f Pb(ll) is typical for cation sorption on amphoteric surface sites. This 
type of behavior, however, may also be due to the formation of Pb(II) surface 
precipitates. Unfortunately, this hypothesis cannot be tested from macroscopic 
experiments alone.
For comparison purposes, experiments were conducted using a lower background 
electrolyte, 0.01 M NaNO;. Under these conditions, it appeared that both cations were 
able to effectively compete for the internal cation-exchange sites. This was evidenced in 
the pH-independent sorption behavior of Cs(I) under these conditions. Likewise, 
although there was a slight dependency on pH, fractional uptake o f Pb(II) approached 
100% at this lower background electrolyte indicating that it, too, was sorbing on to 
internal exchange sites.
The experiments with the cations of interest also revealed that, regardless of 
geochemical conditions, the Pb(II) cation had a greater affinity for the sorbents than the 
Cs(I) cation. In all experiments, Pb(II) approached 100% sorption at higher pH values 
while Cs(I) was only able to sorb in the lower ionic strength, and even then, approached a 
maximum sorption of approximately 30%. The increased sorption of Pb(II) at the higher 
ionic strength indicates the formation of strong, inner-sphere coordination complexes on 
the mineral surfaces or possibly formation of surface or bulk precipitates. The 
dependence of Cs(I) sorption on ionic strength is a good indication that it is forming 
outer-sphere ion pair complexes at cation exchange sites, as expected for an alkali metal.
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With respect to the individual sorbents, it was revealed that, in all cases, sorption 
was greater on the breccia than the basalt because the breccia had approximately four 
times the surface area compared to the basalt and twice as high cation exchange capacity.
Based on the aforementioned discussion, it can be concluded that the Pb(EI) cation 
would be strongly retarded compared to groundwater flow at the Cannikin Test Site. The 
Cs(I) cation, however, showed no considerable sorption (at 1 g/L solid concentration) and 
it is thus expected that it would move with the velocity of the groundwater. From the 
equilibrium sorption data, it was possible to calculate retardation factors for Pb(II)- 
These factors ranged from 1,618 to more than 200,000 for the basalt and from 2,294 to 
about 500,000 for the breccia. These numbers indicate that Pb(ll) would move at a much 
slower velocity than that o f the surrounding groundwater.
Two different experimental setups were used for the diffusion experiments: (1) 
diffusion from a core (method 1), and (2) diffusion through a porous slab using a 
diffusion cell (method 2). Several conclusions can also be drawn from the results o f 
these diffusion experiments with Br', Pb(II), and Cs(I). First, ions appear to diffuse 
slower through the breccia compared to the basalt regardless of experimental setup as 
shown by the values o f the diffusion coefficients for each. One possible explanation for 
this type o f behavior is that the breccia has a smaller average pore diameter compared to 
the basalt. These smaller pores may constrict the pathways through which the ions 
traveled. Another possible explanation is that, as mentioned earlier, the breccia has both, 
a larger surface area and a larger CEC compared to the basalt. Both of these attributes 
can contribute to a higher sorption capacity and thus any reactive solute traveling through 
this material would tend to be more strongly retarded.
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It was shown that, under the experimental conditions used in the batch 
experiments (i.e. high ionic strength and 1 g/L solid concentration), Pb(II) was the only 
reactive solute resulting in lower diffusion coefficients compared to the Br or Cs(I) 
solutes. Specifically, based on batch experimental data using a 1.0 g/L solid 
concentration, and data from the Br' diffusion experiments, the following selectivity 
series can be established for groundwater conditions likely to be found at the Cannikin 
Test Site (in order o f decreasing diffusion rates): Cs(I)= Br'>Pb(II). Under these 
conditions, it can further be concluded that the migration o f Cs(I) would be retarded due 
to diffusion o f the solute into and within the solid matrix while, in addition to diffusional 
processes, the migration o f Pb(II) would be further retarded due to sorption on mineral 
surfaces or the formation o f surface precipitates. A sorption experiment conducted using 
both sorbents and a higher solid concentration (50 g/L), however, showed that Cs(I) was 
able to sorb to some extent even at the high ionic strength. Thus, it is quite possible that 
under field conditions, where the soil/water ratio is high, Cs(I) may be retarded due to 
sorption processes as well. Additional experiments would need to be conducted to 
confirm and obtain a better understanding of the extent of this sorption and its effect on 
Cs(I) transport.
Finally, it was shown that the values o f the diffusion coefficients and tortuosities 
differed by approximately an order of magnitude between experimental methods, with the 
values being greater in all cases for method 1 (diffusion from a core). One possible 
explanation for such behavior is that an additional head gradient is introduced in the first 
setup in which the core sample hangs above the reservoir solution. Likewise, in the first 
setup there is also a density gradient that may exist because synthetic groundwater was
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used to saturate the core whereas NANOpure™ was used as the underlying reservoir 
solution. In the second experimental setup using the diffusion cell, the sole gradient 
causing the ions to diffuse is a concentration gradient. Thus, the additional two gradients 
introduced in method I may be responsible for the increased values of the diffusion 
coefficients. Because the second setup more closely represents what occurs in the natural 
environment, it has been concluded that the parameters estimated from this method better 
describe the actual diffusion of Br', Pb(II), and Cs(I) through basalts and breccias at the 
Cannikin Test Site.
Recommendations for Further Research 
Several suggestions can be given as ideas for future research as discussed below. 
The equilibrium sorption parameters obtained in this thesis may be determined by column 
studies as well. Knox et al. (1993) state that, although batch studies have the advantage 
o f being able to analyze a variety o f factors (such as pH, metal concentration, ionic 
strength, etc.) with limited effort, column studies more closely mimic the field scale by 
virtue o f their continuous flow nature, and the solid to liquid ratio in the column. 
Although these types of experiments are usually more labor intensive, the resulting 
parameters may give a better indication o f what would actually occur at the field scale. It 
is therefore suggested that column experiments be conducted with both sorbents and the 
Pb(H) and Cs(I) ions. Performing such experiments may also yield additional 
information about the sorption behavior of Cs(I) since larger solid to liquid ratios would 
be used.
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Parameter estimation utilizing laboratory techniques may fail to account for field 
conditions not captured in the laboratory (e.g. field heterogeneities). From this 
standpoint, field methods would be more advantageous. It is thus also recommended that 
field studies such as tracer tests be conducted to obtain transport parameters that are more 
representative o f actual contaminant migration under field conditions.
Additional investigations regarding the kinetics of ion sorption on the basalt and 
breccia should be performed. Although the diffusion experiments conducted with Pb(II) 
did yield some information on the rates o f Pb(ll) uptake, additional experiments using 
various metals and concentrations, background electrolytes, and size fractions would 
provide data that would supplement our knowledge on the kinetics o f sorption.
Finally, it was pointed out several times in the body of this thesis that specific 
sorption mechanisms could not be determined based on macroscopic experiments alone. 
Thus, it is recommended that spectroscopic methods be employed to provide information 
about the type of sorption complexes formed by the interactions of the metal ions with 
the basalt and breccia sorbents. These types o f experiments can help distinguish between 
the formation of inner— versus outer—sphere complexes and would also aid in clarifying 
whether surface precipitates are being formed.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX I
Pb(H) SORPTIO N EXPERIMENTS ON AMCHITKA BASALT AND BRECCIA:
A COM PARISON OF DUPLICATE EXPERIMENTAL RESULTS
As stated in Chapter 4, for quality assurance purposes duplicate sorption 
experiments were conducted with 10'^ -  10"  ̂M Pb(II) on the basalt and breccia using the 
synthetic groundwater. The results of these experiments can be seen graphically in 
Figures 1.1 through 1.6. Each figure displays the results o f  the duplicate experiments, an 
average percent sorbed (at similar pH values), and error bars representing two average 
standard deviations. Inspection of the figures reveals fairly reproducible results between 
data sets. Calculated average standard deviations (based on all data in each experiment) 
ranged from as little as 0.43 to 3.74, depending on the particular experiment under 
consideration. Corresponding average relative standard deviations, with respect to 
percent Pb(II) sorbed, were 0.50% to 24.3%, respectively. It should be noted that, 
because comparisons between experiments must be made at similar pH values, the above 
deviations were calculated based on a limited data set, which contained between 3 and 7 
points (i.e. not all data points from the experimental results were used to calculate the 
deviations; only those with similar pH values were used).
121
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APPENDIX n
CALCULATIONS OF EFFECTIVE DIFFUSION COEFFICIENTS FOR BR 
DIFFUSION THROUGH BASALT AND BRECCIA; RESULTS OF 
DUPLICATE EXPERIMENTS USING METHOD 1:
DIFFUSION FROM A  CORE
As stated in Chapter 5, duplicate experiments were conducted using the first 
experimental diffusion method (diffusion from a core) and the bromide solute. The 
experimental procedure followed was exactly the same as described previously, except 
that in the duplicate setup, different core samples were used. It should be noted that the 
durations used to calculate the Deff values and the A/V ratios were such that the boundary 
conditions were met as described in Chapter 5 (i.e. to satisfy the assumption o f a semi­
infinite medium and to ensure that the concentration o f the tracer in the reservoir was 
much smaller compared to the concentration in the core). The corresponding durations 
were 1 day for both the basalt and breccia. Likewise, the A/V ratios of both samples, 
0.49 m"' (basalt) and 0.84 m'* (breccia) were much smaller than the maximum allowed, 
12.4 m '‘ (basalt) and 8.5 m'* (breccia).
Figure U. 1 shows a comparison of the results o f the two experiments using the 
basalt core samples. Inspection o f the figure reveals that the Br' appears to have reached 
equilibrium at a faster time in the first run comptired to the duplicate experiment (second
128
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Figure H. 1. Comparison of Br’ diffusion out o f basalt core samples as a function of time.
800
run). This is most likely explained by the fact that the sample size in the first experiment 
was slightly larger than that in the second experiment with a correspondingly larger cross 
sectional area. It is known that, as the cross-sectional area through which a substance 
diffuses increases, the total flux o f diffusing substance increases as well. Thus, it is no 
surprise that the sample having the larger cross-sectional area is the one that reached 
equilibrium first. A closer look at the graph also reveals that the final equilibrium 
concentration is slightly higher for the second run. A possible explanation for this may 
be that the sample for the second run had a slightly larger porosity. Thus, this particular 
sample may have been able to store a slightly larger amount of Br in its pores and hence 
the larger equilibrium concentration.
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Figure H.2. Comparison of experimental results and linear regression line of Br 
diffusion through basalt core samples.
The effective diffusion coefficient for the duplicate experiment was determined 
by a plot of concentration versus the square root o f  time, as discussed earlier. This plot 
can be seen in Figure n.2 as well as the slope of the best-fit line that was used to calculate 
the Deff values using Equation 21.
Based on the above data, the duplicate experiment yielded Deff and tortuosity 
values o f 4.13x10'^° m"/s and 3.94, respectively. Comparing these results to those 
presented in Chapter 5 for Br' diffusion through the basalt, it can be seen that the values 
are in relatively close agreement with each other.
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Figure H.3. Comparison of Br' diffusion out o f breccia core samples as a function of time.
The results o f the duplicate experiment using the breccia core were approximately 
five times greater than the original experiment. Figure H.3 shows a comparison of B f 
concentrations in the reservoir as a function of time for these two experiments.
The figure shows a faster increase in Br' concentration in the duplicate experiment 
compared to the first. As would be expected, the sample used in the duplicate experiment 
had a slightly larger cross sectional area through which the Br' could diffuse as well as a 
slightly larger porosity. A plot showing the slope of the best fit lines from which the Deff 
values were calculated for the two experiments can be seen in Figure II.4.
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Figure H.4. Comparison of experimental results and linear regression line o f Br 
diffusion through basalt and breccia core samples.
The above slope for the duplicate experiment resulted in a Deff o f 6.37x10"'° m"/s 
and a corresponding tortuosity o f 2.55. Based on the duplicate results, it appears that the 
Br", having a higher diffusion coefficient for the breccia, is diffusing faster through this 
material than through the basalt. Because other diffusion experiments showed this not to 
be the case, this behavior is most likely due to experimental error or the heterogeneous 
properties o f the samples.
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